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ABSTRACT
Heterogeneous combustion is an advanced internal combustion technique, which enables heat
recuperation within the flame by utilizing a highly porous ceramic media as a regenerator. Heat
released within the gas phase convectively transfers to the solid media. This heat within the solid
media then travels towards the inlet, enabling reactant preheating. Such heat redistribution enables
stable burning of both ultra-lean fuel/air mixtures, forming a more diffuse flame through the
combustion chamber, and results in reduced pollutant formation. To further enhance
heterogeneous combustion, the ceramic media can be coated with catalytically active materials,
which facilitates surface based chemical reactions that could occur in parallel with gas phase
reactions.
Within this work, a flow stabilized heterogeneous combustor was designed and developed
consisting of a reactant delivery nozzle, combustion chamber, and external instrumentation. The
reactant delivery nozzle enables the combustor to operate on mixtures of air, liquid fuel, and
gaseous fuel. Although this combustor has high fuel flexibility, only gaseous methane was used
within the presented experiments. Within the reactant delivery nozzle, reactants flow through a
tube mixer, and a homogeneous gaseous mixture is delivered to the combustion chamber. Αalumina (α-Al2O3), magnesia stabilized zirconia (MgO-ZrO2), or silicon carbide (SiC) was used
as the material for the porous media. Measurement techniques which were incorporated in the
combustor include an array of axially mounted thermocouples, an external microphone, an external
CCD camera, and a gas chromatograph with thermal conductivity detector which enable
temperature measurements, acoustic spectroscopy, characterization of thermal radiative emissions,
and composition analysis of exhaust gasses, respectively. Before evaluation of the various solid
iii

media in the combustion chamber the substrates and catalysts were characterized using X-ray
diffraction, X-ray fluorescence, scanning electron microscopy and energy dispersive spectroscopy.
MgO-ZrO2 porous media was found to outperform both α-Al2O3 and SiC matrices, as it was
established that higher temperatures for a given equivalence ratio were achieved when the flame
was contained within a MgO-ZrO2 matrix. This was explained by the presence of oxygen vacancies
within the MgO doped ZrO2 fluorite lattice which facilitated catalytic reactions. Several catalyst
compositions were evaluated to promote combustion within a MgO-ZrO2 matrix even further.
Catalysts such as: Pd enhanced WC, ZrB2, Ce0.80Gd0.20O1.90, LaCoO3, La0.80Ca0.20CoO3,
La0.75Sr0.25Fe0.95Ru0.05O3, and La0.75Sr0.25Cr0.95Ru0.05O3; were evaluated under lean fuel/air
mixtures. LaCoO3 outperformed all other catalysts, by enabling the highest temperatures within
the combustion chamber, followed by Ce0.80Gd0.20O1.90. Both LaCoO3 and Ce0.80Gd0.20O1.90
enabled a flame to exist at φ=0.45±0.02, however LaCoO3 caused the flame to be much more
stable. Furthermore, it was discovered that the coating of MgO-ZrO2 with LaCoO3 significantly
enhanced the total emissive power of the combustion chamber. In this work as acoustic
spectroscopy was used to characterize heterogeneous combustion for the first time. It was found
that there is a dependence of acoustic emission n the equivalence ratio and flame position
regardless of media and catalyst combination. It was also found that when different catalysts were
used, the acoustic tones produced during combustion at fixed reactant flow rates were distinct
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1. INTRODUCTION
1.1. Combustion
Combustion is an exothermic redox chemical reaction between a fuel and an oxidizer [1, 2]. A
combustion reaction requires three components: fuel, oxidizer, and a “spark” to ignite the
reactants. Once combustion has begun, the reaction will terminate if only one of three conditions
are met: 1 if quenching occurs, 2 local molecular species concentration disallows the collision of
reacting species or 3 the reaction byproducts are at an entropy maximizing equilibrium with
remaining reactants.
Within this work the most fundamental equation is that which represents the chemical reaction
of methane combustion in air, (1-1); which represents the idealized stoichiometric conversion of
reactants to their respective products, and q̅ the quantity of heat released. For simplicity it is
assumed “air” is wholly comprised of oxygen and nitrogen in a molar ratio of 1: 3.76. For methane
the stoichiometric ratio, or ratio which describes neither reagent in excess, is 1 mole of methane
per 2 moles of oxygen. For other combinations of fuels, and oxidizers the stoichiometric ratio will
inherently change with chemical compositions.
𝐶𝐻4 + 2 ∙ (𝑂2 + 3.76 ∙ 𝑁2 ) →
(1-1)
̅
𝐶𝑂2 + 2 ∙ 𝐻2 𝑂 + 7.52 ∙ 𝑁2 + 𝒒
While (1-1) characterizes a combustion reaction of methane when there is no excess of either
reactant, if a reactant is outside of the stoichiometric ratio the other reactant will not be entirely
consumed. Furthermore, if the reactants are in such disproportion, the reaction will cease to initiate
or progress [3]. To assist in the characterization of a reacting mixture a dimensionless parameter
which represents the ratio of fuel to oxidizer, relative to the stoichiometric fuel to oxidizer ratio is
1

presented: the equivalence ratio, 𝜙. The equivalence ratio dictates how much of a single reagent
will remain in excess following combustion, among other important parameters. When a
combustion process uses air as the oxidant, the molar quantity of oxidizer is comprised only of the
diatomic oxygen within the air and therefore in air the stoichiometric mixture of methane-air can
be represented as (1-2).

(
𝜙=

𝑛𝐶𝐻4
)
𝑛𝑎𝑖𝑟 ∙ 1⁄4.76
𝑎𝑐𝑡𝑢𝑎𝑙

(1)
( 𝐶𝐻4⁄(2)

(1-2)

)

𝑜𝑥𝑦𝑔𝑒𝑛 𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

When considering a combustion reaction in a flowing device, the flow rate of reactants must
adhere to a certain relative ratio in order to remain within compliance of the stoichiometric
equation. The unit standard liter per minute SLPM, is defined as volume of one liter of gaseous
reagent delivered in one minute taken at standard temperature Tstd (1-3), and standard pressure
Pstd (1-4). SLPM is a convenient unit of measure as the flow rate of reactants and the molar flow
̅ u is the ideal gas constant.
rate are correlated by the molar specific volume ν̅std (1-5) where R
Therefore 𝜙 may be expressed in terms of the molar flow rate, 𝒏̇ , as in (1-6).
𝑇𝑠𝑡𝑑 ≡ 295.4 𝐾

(1-3)

𝑃𝑠𝑡𝑑 ≡ 101.35 ∙ 103 𝑃𝑎

(1-4)

𝑅̅𝑢 ∙ 𝑇𝑠𝑡𝑑⁄
𝐿
𝑃𝑠𝑡𝑑 = 24.23 ⁄𝑚𝑜𝑙 )

(1-5)

𝜈̅𝑠𝑡𝑑 ≡ (

2

(
𝜙=

𝑛̇ 𝐶𝐻4
)
𝑛̇ 𝑎𝑖𝑟 ∙ 1⁄4.76
𝑎𝑐𝑡𝑢𝑎𝑙

(1)
( 𝐶𝐻4⁄(2)

(1-6)

)

𝑜𝑥𝑦𝑔𝑒𝑛 𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

When considering the design of a flowing combustor where no diluent is used, it is convenient
to work between two related coordinate systems which describe the delivery rate and mixture
composition: 1 as a function of fuel and oxidizer flow rates, and 2 as a function of equivalence
ratio and total flow rate. For methane combustion occurring in air the graphical coordinate systems
are presented in Figure 1-1 and Figure 1-2.

Figure 1-1: Total flow rates and equivalence as functions of reactant flow
rates.

3

Figure 1-2: Reactant flow rates presented as a function of total flow rate and
equivalence ratio.
Combustion must satisfy conservation principles and the entropy maximum postulate.
Consequently the mathematics used to describe combustion must also account for these principles,
while atomic species, energy, and mass conservation are satisfied by the balancing of chemical
equations as in (1-1); (1-1) fails to account for entropy maximization [1]. Section Error!
eference source not found. accounts for the maximization of entropy and a description of the
chemical process by which entropy may maximize. Section 1.1.2 discusses the nature of
conventional combustion in a flowing system.
1.1.1.

Chemical Equilibrium and Kinetics

A generalized form of a chemical reaction is presented in (1-7) where Xi is the reacting species
or product, μi is the stoichiometric coefficient of the i’th reactant species, and υi is the

4

stoichiometric coefficient of the i’th product species. Real combustion does not entirely consume
reactants even when reactants are in the stoichiometric ratio. Incomplete and/or undesired reaction
byproducts such as CO and NOx may also be formed during combustion under conditions of excess
oxidizer, under circumstances of locally insufficient oxidizer, or near the interface of an inhibiting
solid phase soot may be formed [4-6].
∑ 𝜇𝑖 · 𝑋𝑖 ↔ ∑ 𝜐𝑖 · 𝑋𝑖
𝑖

(1-7)

𝑖

For every chemical reaction, entropy maximization is accounted for through the temperature
change between reactants and products and a reaction specific equilibrium pressure constant Kp
(1-8), which is derived from the minimization of Gibb’s Free Energy across the reaction [1], where
P is the gas pressure and n̅i is the molar quantity of the i’th species in the gas phase. The sum of
all numbers of moles of a given species n̅i is related to υi a by the quantity of reactants.
∑𝑖 𝜐𝑖 −∑𝑖 𝜇𝑖
𝑛̅
𝐾𝑝 = ∏ 𝑋𝑖 𝜐𝑖 ⊕𝜇𝑖 · 𝑷 · ( 𝑖⁄∑ 𝑛̅ )
𝑖 𝑖

(1-8)

𝒊

While a combustion processes may be represented by a single chemical reaction, such reaction
is highly improbable; and this reaction is used to model the global equilibrium. Instead,
combustion may be conceptualized as a process which consumes and produces various molecular
species. Consumption and production of molecular species within combustion occurs through
several reaction pathways, which are comprised of specific chemical reactions occurring in series
and parallel. Furthermore not all reactions proceed at a single rate, each reaction occurs at a specific
rate based upon the temperature, reacting species, and byproducts.
Chemical reaction rates are characterized by their rate constant K(T) (1-9), which is always a
function of temperature and three other reaction specific parameters: reaction activation energy
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Ea, the exponential prefactor A, and a correction factor n1. From (1-7), the bidirectional arrow
↔ is an indication of a chemical reaction in equilibrium, and therefore there is the possibility of
the reaction occurring in both the forward and reverse direction. While literature will typically
report a forward reaction rate constant denoted by the subscript f, it is possible to evaluate the
reverse reaction rate constant denoted by subscript r based upon Kp in (1-10).
−𝐸𝑎

𝐾(𝑇) = 𝐴 · 𝑇 𝑛1 · 𝑒 𝑅𝑢·𝑇

(1-9)

∑𝑖 𝜐𝑖 +∑𝑖 𝜇𝑖
𝐾𝑓 (𝑇)
1
≡ 𝐾𝑝 · ( ⁄ ̅
)
(𝑅𝑢 · 𝑇)
𝐾𝑟 (𝑇)

(1-10)

For a specific chemical reaction, the rate at which the product species Xk, is produced (1-11) is
a function of the products of all reacting species considered in that reaction and the rate constant.
When considering a chemical mechanism, a group of chemical reactions which describe an event,
it is necessary to consider the net rate of production for the product species of interest which is a
linear composite of all reactions which influence that species occurring simultaneously (1-12).
Chemical modeling of combustion may incorporate thousands of molecular species and tens of
thousands of reactions [7], though it is often far beyond practicality to model combustion in such
explicit detail. For engineering applications it is often advantageous to employ a compact chemical
mechanism [8] to enable the study of many phenomena simultaneously.
𝑑𝑖 [𝑋𝑘 ]
= 𝐾𝑖 (𝑇) · ∏[𝑋𝑗 ]
𝑑𝑡

(1-11)

𝑑[𝑋𝑘 ]
𝑑𝑖 [𝑋𝑘 ]
=∑
𝑑𝑡 𝑔𝑙𝑜𝑏𝑎𝑙
𝑑𝑡

(1-12)

𝑖

All chemical reactions which occur during combustion may be designated as one of the
following types: 1 initiation, 2 propagation, 3 branching, and 4 termination [1] examples of each
type are presented in Figure 1-3. Initiation reactions occur between stable species to
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produce/consume one or more unstable species known as radicals; radicals may be characterized
as a molecular species which has one or more unpaired electrons. Propagation reactions both
consume and produce radicals with a net production of zero. Branching reactions produce more
radicals than are consumed. Lastly, termination reactions consume radicals.

Figure 1-3: Representation of various types of chemical reactions which occur in
combustion [9].
1.1.2.

Time Invariant Flowing Combustion

In steady flow combustion, a stable operating condition must exist to maintain time invariant
spatial characteristics of combustion. A flame may be considered as a reaction wave propagating
relative to a flowing gas which may be luminous within the visible spectrum [10]. Consider a
laminar diffusion flame similar to that of a Bunsen burner flame. Which has premixed reactants
with some initial prescribed temperature, equivalence ratio, and mass flow rate. Depending on the
conditions of the reacting flow and the rate at which heat is released from the flame q̅̇ out , the
flame thickness δL will assume a characteristic value after some preheating length xo. Using
various measurement techniques, a profile of temperature and chemical species may be taken, a
characteristic profile of temperature and OH profiles are presented in Figure 1-4 [11].
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Figure 1-4: Temperature and OH profile of a laminar diffusion flame at 1 atm [11].
At a prescribed set of conditions, reactants delivered to a flame will cross the boundary entering
the flame at a characteristic parameter, laminar flame speed SL. From measurements observed of
an adiabatic diffusion flame, SL can be seen as a function of equivalence ratio and the species of
fuel within the reacting mixture [12], the laminar flame speed is presented for methane. It is of
importance to note SL has also been shown to vary inversely with the static pressure at which
combustion occurs for both lean and slightly rich fuel air mixtures [13]. Similarly, there is a
maximum amount of thermal energy which may be released from combustion of a mixture of a
given fuel, oxidizer, and diluents creating a “maximum” limit on flame temperature, known as the
adiabatic flame temperature Tadb. SL and Tadb are presented in Figure 1-5 for a CH4-Air diffusion
flame at 1 atm.
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Figure 1-5: Laminar burning velocity of a near adiabatic CH4-air flame [12] and adiabatic
flame temperature (calculated) at one atmosphere [9].
1.2. Heterogeneous Combustion
As an expansion of conventional diffusion flame combustion in which heat transport is limited
to small length scales [10], heterogeneous combustion is a method of combustion in which a fuel
and oxidizer mixture is burned within the voids of a high surface area solid, porous media. Porous
media refers to a solid which has a network of common size flow chambers connected by openings
of a smaller size [6].
Multiple types of porous media are seen across literature and proprietary designs [14-17]. Media
types are arranged into two groups; reticulated foam, and packed beds for which the simplest shape
consist of constant diameter spheres Figure 1-6; more complicated geometries for packed beds
may be seen in Figure 1-7. While each media geometry offers specific advantages, all designs seek
to achieve a high specific surface area and low total pressure drop. Composition of the solid
structures need only provide high temperature structural and chemical stability; for packed bed
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substrates the likelihood of fracture decreases as the individual pieces are not rigidly arranged
however contact resistance can minimize thermal conductivity [17].

Figure 1-6: A) Reticulated foam. B) Packed bed of constant radii balls.

Figure 1-7: Various geometries for packed bed solids. A) Reschig ring. B) Dogbone. C)
Saddle. D) Cross
Within this work reticulated ceramic foam porous media is used. While the actual shape of the
foam is somewhat random, models have been proposed which show the structure to be a
tessellatable tetradecahedron, a 3D solid with 14 faces, comprised of hexagonal and square
openings. [14, 18]. A micrograph of the media and idealized shape are presented in Figure 1-8.

Figure 1-8: A) Optical micrograph of SiC porous media. B) Idealized tetradecahedron
representing a single cell [18].
Experimental results and numerical simulations exemplify three parameters which determine
the stabilization of flames within heterogeneous combustion when the reacting mixture is
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homogenous: 1 equivalence ratio, 2 reactant flow rate, and 3 the heat flux leaving the combustion
chamber [19, 20]. Multiple methods are used to characterize regimes of heterogeneous
combustion, summarized in Table 1-1, many of which are simultaneously used to describe
heterogeneous combustion in detail.
Table 1-1: Characterized regimes of heterogeneous combustion
Characterization
Description
Low Velocity Wave Wave position moves on the order of 1mm/s.
Propagation
High Velocity Wave Wave position moves on the order of m/s.
Propagation
Co Flow
Flame wave proceeding with reactants.
Counter Flow
Flame wave moves against reactants.
Stationary Flow
Flame wave is at an equilibrium position.
Reciprocating Flow
Flame wave oscillates about an equilibrium.
Subadiabatic
Maximum flame temperature is below mixture Tadb.
Superadiabatic
Maximum flame temperature is above mixture Tadb.
Flashback
Flame is between the inlet and porous media.
Submerged
Flame is stabilized within the porous media.
Surface
Flame is stabilized at the exhaust of the porous media.
Rich
Burning mixture has equivalence ratio in excess of 1.
Lean
Burning mixture has equivalence ratio below 1.
Stoichiometric
Burning mixture has an equivalence ratio of 1.
Catalytic
Surface participates in chemical reactions.
Non-Catalytic
Surface does not participate in chemical reactions.

Ref
[21]

[22]

[23]
[17]
[19]

[17]

[24]

The flame structure of heterogeneous combustion may be viewed as an aggregate mix of
thermal, chemical species concentration, and pressure waves within a chemically reacting flow
[25]. In order to explain the characterization parameters presented in Table 1-1 and to give an
understanding of heterogeneous combustion: 1.2.1 discusses excess enthalpy combustion, 1.2.3
explains the thermal structure of heterogeneous combustion, Error! Reference source not found.
iscusses fluid phenomena which are unique to the poly-phase nature of heterogeneous combustion,
and 1.2.4 discusses the transitional processes of a flame which exhibits a non-static equilibrium
position.
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1.2.1.

Excess Enthalpy (Super Adiabatic) Combustion

Excess enthalpy combustion was first postulated during the 1970’s [26] as a type of combustion
which enabled the transfer of enthalpy from the products to the reactants. Heterogeneous
combustion was presented as an in-situ means of achieving excess enthalpy combustion.
Heterogeneous combustion is fundamentally different from other forms of combustion as the solid
within the combustion chamber enables the recirculation of large quantities of heat over a length
scale orders of magnitude larger than conventional combustion.
Through the solid phase, heat may recirculate through the reacting environment through modes
unavailable in diffusion flame combustion [17]. Thermal feedback through the solid phase enables
substantial reactant preheating prior to the release of chemical energy from the reactants [27],
thereby enabling a temperature within the chemically active region of the flow to be in excess of
the adiabatic flame temperature for the unreacted mixture; this advanced mode of burning is termed
super adiabatic combustion [28]. As a result of the emplaced solid, burners with inert porous
materials offer a more even distribution of heat along the axial profile of the flow, reduced NOx
emissions, reduced acoustic noise compared to diffusion flame combustors, the ability to
efficiently emit thermal radiation, and an expansion of flammability limits, with such combustors
operating with equivalence ratios between 0.1 and 4.0 [17, 29-31].
Flame behavior for combustion occurring within reticulated ceramic foams has been shown to
correlate strongly with the optical thickness of the foam, where increased radiative heat transfer
within the flames structure has been shown to enhance burning rate and flame temperature [32] to
a point. If the pore size is excessively small the rate of heat release from combustion will fail to
exceed what is absorbed by the solid; a loosely defined critical Péclet Number Pe*, or ratio of
12

advective to diffusive transport, is used to characterize a lower pore size limit (1-13) where αf is
the thermal diffusivity of the reactants and dm the equivalent combustion chamber diameter [33]
where, for values of Pe<Pe* the flame will extinguish.
45 < (𝑃𝑒 ∗ =
1.2.2.

𝑆𝐿 ∙ 𝑑𝑚⁄
𝛼𝑓 ) < 65

(1-13)

Fluid Phenomena of Heterogeneous Combustion

Fluid flow within porous media has a bulk flow direction from the inlet to the exhaust, pictured
in Figure 1-9. However, due to the tortuous nature of the porous solid, the local flow can be
approximated as moving with velocity components of 45° from the “flow direction” [34]. Such
flow structure results in highly irregular flow patterns which vary with the rate at which reactants
progress through the porous media [35].

Figure 1-9: 2-D Flow-field through a porous medium at an aggregate 45° orientation
from the flow direction [34].
Within the flow of a multicomponent mixture moving through porous media, two effects are
prominent: dispersion and diffusion [36]. Dispersion and diffusion both act to mix the chemical
species of a multi-component fluid; however dispersion is a macro-scale phenomena acting over
significantly larger length scales than diffusion and is a characteristic of flow [36, 37]. In flows
where both diffusion and dispersion are present, the rates of species mixing are a linear
combination of the two processes [36].
Due to viscous effects of a flowing fluid over a solid at the gas-solid interface, without
combustion occurring, a total pressure drop within the porous media exists [25]. Across literature,
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the permeability, or measure of flow resistivity through the solid phase, has been shown to vary
across orders of magnitude [38]. Using the Reynolds Number Re, (1-14) where: u
⃑ is the mean
fluid velocity, and μ is the fluid viscosity; three flow schemes have been identified when Re<2.3,
5<Re<80, and 120<Re [35].
𝑅𝑒 = 𝑢
⃑ ∙

𝜌 ∙ 𝒅𝒎
𝜇

(1-14)

For situations of low flow velocity corresponding to Re<2.3 the shear stresses on the fluid are
negligible and Darcy’s Law (1-15) may be used to represent the corresponding pressure
differential, where: к is the specific permeability, and Pt is total pressure [38]. For reticulated
foams used in heterogeneous combustion, к is typically near 1 and is a function of flow velocity.
At higher flow rates, 5<Re<80 it is possible to use the Forchheimer equation (1-16) which is a
nonlinear pressure drop through a solid which includes the inertial coefficient Cf of the solid
through which the fluid flows [18]. For 120<Re, the principal region of interest in heterogeneous
combustion, flow becomes entirely turbulent and unsteady characteristics exist [18].
𝑢
⃑ =

к 𝜕𝑃𝑡
∙
𝜇 𝜕𝑥

(1-15)

𝜌 ∙ 𝐶𝑓
𝜕𝑃𝑡
𝜇
=𝑢
⃑ ∙( +𝑢
⃑ ∙
)
𝜕𝑥
к
√к
1.2.3.

(1-16)

Heat Recirculation and Standing Flames

Within heterogeneous combustion, flames may either be stationary with the time averaged
position is constant with respect to a fixed point or transient where the time averaged position of
the flame is moving with respect to a fixed point. Referring to Figure 1-10, a characteristic

14

representation of a heterogeneous flame, of thickness δL, which exists within the voids of porous
media some span xe from the reactor inlet, is presented along with a thermal profile of the gas
and solid phases. Regions where the gas temperature is in excess of that of the solid temperature
causes heat to be convectively transferred to the solid. Heat which is propagates toward the inlet
of the combustion chamber through the solid phase may then be convectively transferred from the
solid to the gas enabling reactant preheating without releasing chemical energy from the flow.

Figure 1-10: Schematic of heterogeneous combustion with thermal profile of gas and
solid phases.
Two limiting cases exist for heterogeneous combustion relative to the amount of interphase heat
exchange and heat exchange across the solid exist. In the case of extremely high heat transfer
through the solid, which is attributed to both a high thermal conductivity k and emissivity ε,
temperature differences between gas and solid phase decrease in magnitude and the solid can be
modeled as isothermal. Conversely in the case of low heat transfer through the solid phase,
temperature differences between the two phases becomes increasingly large and temperature
variations along the dimensions of the solid phase become increasingly large [22, 39].
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An analytical model of heterogeneous combustion was derived [20, 39] employing a single step
irreversible chemical reaction over an isothermal solid by extending the equations used to model
conventional diffusion flames [40, 41] through the inclusion of an additional term for interphase
heat transfer. It is assumed: fluid mass flow rate is sufficiently small to yield an isobaric process,
participation of the gas in radiative heat transfer is neglected, the surface is assumed to be
chemically inert and the Lewis Number can be assumed unity. Within (1-17) the energy
conservation equation, thermal conductivity of the fluid kf and the accompanied Laplacian
represent thermal conduction within the flow, mass flux m"̇, a first derivative of temperature, and
specific heat Cp comprise the advection term. Chemical reactions are accounted for through
Arrhenius reaction rate and the formation enthalpies ΔHf°i of the reactants and products where
there is an additional heat transfer term is considered between the gas and solid phase characterized
by the convection coefficient h. If h is zero, then (1-17) will collapse, representing a diffusion
flame.
𝑑
𝑑𝑇
𝑑𝑇 𝑑[𝑋𝑘 ]
(𝑘𝑓 ) − 𝑚"̇ ∙ 𝐶𝑝 ∙
+
∙ (𝛥𝐻𝑓°1 − 𝛥𝐻𝑓°2 )
𝑑𝑥
𝑑𝑥
𝑑𝑥
𝑑𝑡

(1-17)

+ℎ ∙ (𝑇𝑠 − 𝑇𝑥 ) = 0
Thermal losses through the combustion chamber wall may be accounted for by, equation over
the length of the solid xe to xf. By treating Y as the independent variable which is monotonically
increasing, solutions of the equations (1-17) and (1-18) are then produced according to a series of
mass flux dependent Eigen Values, expressed as equation (1-19); implicitly solving for the solid
phase temperature as a two point boundary value problem. Variables from equations (1-17)
through (1-19) are then nondimensionalized according to Table 1-3, using values listed in Table
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1-2 as boundary conditions where (1-25) represents interfacial heat transfer between the solid and
gas phase.
Table 1-2: Boundary conditions for nondimensionalized equations (1-17) through (1-19).
Boundary Condition
Value
Inlet Boundary Product Fraction
𝒀∗ = 𝟎
Inlet Boundary Gas Temperature
𝑻∗ = 𝟎
Exhaust Product Fraction
𝒀∗ = 𝟏
Exhaust Boundary Gas Temperature
𝑻∗ = 𝟏
𝑥𝑓

𝑄𝑒 + ∫ ℎ ∙ (𝑇𝑥 − 𝑇𝑠 ) 𝑑𝑥 = 0
𝑥𝑒

𝛬𝑠 =

𝑘𝑓 ∙ 𝜌 ∙ 𝐾(𝑇)

(1-18)

(1-19)

2
𝑚"̇𝑠 ∙ 𝐶𝑝

Table 1-3: Description of coordinate transforms corresponding to equations (1-20) through
(1-24).
Physical Parameter
Nondimensionalized Representation
𝒙 – Spatial Coordinate
𝒙∗ – Nondimensional Coordinate
𝑻 – Temperature
𝑻∗ – Nondimensional Temperature
Y – Product Mass
𝒀∗ - Product Mass Fraction
̇ –Mass Flux
𝒓∗ – Nondimensional Mass flux
𝒎"
𝑚"̇ ∙ 𝐶𝑝
∙𝑥
𝑘𝑓

(1-20)

𝑇∗ =

𝑇𝑥 − 𝑇𝑜
𝑇∞ − 𝑇𝑜

(1-21)

𝑇𝑠 ∗ =

𝑇𝑠 − 𝑇𝑜
𝑇∞ − 𝑇𝑜

(1-22)

𝑌∗ =

𝑌𝑥 − 𝑌𝑜
𝑌∞ − 𝑌𝑜

(1-23)

𝑚"̇
𝑚"̇𝑠

(1-24)

𝑥∗ =

𝑟∗ =
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𝑥−𝑥𝑒

𝑓=

∫𝑥

𝑒

ℎ ∙ 𝐴𝑠 " ∙ (𝑇𝑠 − 𝑇𝑥 )𝑑𝑥

𝑚 ∙ 𝐶𝑝 ∙ (𝑇∞ − 𝑇𝑜 )

(1-25)

From the analytical solution for combustion involving an isothermal solid within the
combustion chamber, reasoning based on mathematics may describe several important aspects of
heterogeneous combustion [20, 39]: 1 Mass flow rate may greatly exceed the laminar flame speed;
2 External heat loss will cause a reduction in the maximum reactant flow rate; 3 For solid phase
temperatures in excess of the temperature correspond to the maximum flow rate, mass flow
increases move the flame towards the exhaust; 4 for solid phase temperatures which correspond to
flow rates below the maximum flow rate, the flame position will move towards the combustion
chamber inlet. Presented data from these analyses in Figure 1-11 assume a constant characteristic
equivalence ratio, adiabatic flame temperature, and activation energy of the mixture.

Figure 1-11: A) Solid Phase temperatures as a function of r*. B) Upper branch reactor profile
at r*=10. C) Lower b reactor profile at r*=10.
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1.2.4.

Transient Behavior of Flames Within Porous Media

In heterogeneous combustion an equilibrium depicts the reactant feed rate in sync with the rate
at which reactants cross the boundary into the standing flame Figure 1-12 where u
⃑ w is the
combustion wave velocity, and 𝒙̇ 𝒐 is the rate of change of the combustion wave front from the
reactor inlet (1-26). However upon perturbations to either the flow rate, equivalence ratio, or
dramatic change in external heat loss the position of the combustion wave will begin to propagate.

Figure 1-12: Combustion wave in heterogeneous combustion of equal magnitude
𝑥̇ 𝑜 = 𝑢
⃑ −𝑢
⃑𝑤

(1-26)

Supposing there is some perturbation to the reactant feed rates or heat loss due to some external
influence, the flame position may either proceed towards the exhaust of the combustion chamber,
in the extreme case blow off; or move closer to the inlet, flashback. Such cases are presented in
Figure 1-13 and Figure 1-14, respectively. For momentary disruptions to the aforementioned
quantities, the flame will return to the previous equilibrium position [38]. Under such conditions
when disruptions to the reactant flow rates last for some duration of time one of two possible
outcomes may occur: 1, the flame position will exit the porous media; or 2, the flame will reach
some new stable equilibrium.
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Figure 1-13: A) Conditions of a flame beginning a progression towards the exhaust. B)
Unstable progression of the flame continuing to blow off conditions. C) Flame settles at
some new equilibrium position within the porous media.

Figure 1-14: Conditions of a flame beginning a progression towards the inlet. B)
Unstable progression of the flame continuing to flashback conditions. C) Flame settling
at some new equilibrium position within the porous media.
Whenever 𝒙̇ 𝒐 ≠0 the burning nature of the combustion wave will vary due to thermal interactions
with the solid phase [25]. When 𝒙̇ 𝒐 assumes a positive value, the gases are exposed to higher
temperature sections of the solid phase increasing the maximum flame temperature and the
reaction rate. Conversely, when 𝒙̇ 𝒐 assumes a negative value gasses will be subject to less
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preheating and the reaction rate will diminish. As a result of changes to the reaction rate the
magnitude of δL is subject to change.
1.3. Applications of Heterogeneous Combustion
Heterogeneous combustion has been proposed as a heat source which can replace conventional
combustors used in gas turbines and as radiative emitters for combined heat and power, or space
heating. However, there are also several novel applications for heterogeneous combustion which
have not been observed in literature at the time of this writing include:


Heat sources to be used with organic Rankine cycles in combined heat and power
applications.



Fuel reformers for fuel cells



VOC Treatment device for extraterrestrial horticulture



Gas flares at oil fields, underground mines, and chemical processing facilities



Chemical processors for hydraulic fracturing



Case hardening
1.3.1.

Heat Source for Organic Rankine Cycle Combined Heat and Power Systems

Rankine Cycle turbines are a mature technology, having predominantly operated on steam.
However, organic compounds may also be used as the working fluid, and which is denoted as an
Organic Rankine cycle (ORC)[42]. Selected working fluids for use with ORC systems may be
seen in Table 1-4; from the table it may be seen the boiling temperature, critical temperature, and
pressure TCritical and PCritical, respectively, are significantly lower than that of water.
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Table 1-4: Types of novel organic compounds, and water, for closed loop turbine cycles
[42].
𝑻𝑩𝒐𝒊𝒍 𝑨𝒕𝒎 (°C)
Fluid
MW
PCritical (MPa)
TCritical(°C)
18.02
99.97
22.064
374
Water
50.48
-24
6.681
142.95
HC-40
152.91
22.75
3.606
184
HCFC-123
136.5
-12.03
3.616
122.42
HCFC-124a
100.5
36
4.123
136.85
HCFC-142b
66.05
-24.2
4.52
113.29
HFC-152a
58.12
-11.7
3.65
134.85
HC-600a
94.44
-32.97
4.604
108.01
R-401A
101
-28.4
4.366
113
R-401C
With such working fluids it is possible to integrate a multi stage heating system which collects
heat from HVAC and other equipment within a home or industrial center with a final heating stage
powered by a heterogeneous combustor operating in the super lean region to superheat the organic
fluid before passing the fluid through a work extraction device and discharging the heat in a
condenser to ambient temperatures.
1.3.2.

Fuel Reformers for Fuel Cells

Fuel cells are an advanced energy conversion technology in which electrical work is extracted
through the oxidation and reduction half reactions at the anode and cathode of the cell [43].
However, most fuel cells are not capable of operating directly fuels with C-H bonds and a fuel
preprocessing device is needed. As heterogeneous combustors have been shown to operate
efficiently in the ultra rich combustion regime [44], they are aptly suited devices for the preprocessing of fuels with low sulfur content to enable the operation of fuel cell stacks on automotive
grade fuels Figure 1-15.
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Figure 1-15: Flow Diagram for a Heterogeneous combustor to be used as a fuel reformer for a
fuel cell stack
1.3.3.

Efficient and Clean Gas Flares

Gas flares are often emplaced at chemical production facilities, landfills, and at oil wells to
dispose of hazardous gasses to prevent over pressurization within a particular installation. These
flares operate in such a way which combustion efficiencies are extremely low and as a result,
significant amounts of only partially oxidized compounds are emitted, this may be seen in Figure
1-16. A heterogeneous combustor used in such a situation can enable the burning of such reactant
feeds in a series of small reactors, where at each reactor catalysts are specifically tailored to the
expected reactant group and simultaneously more air may be injected to the fluid stream, enabling
a further oxidation of the reactants.
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Figure 1-16: Flare stack connected to an oil field.
1.3.4.

Chemical Processors for Hydraulic Fracturing

Hydraulic fracturing, or fracking, is the use of water or some other fluid pumped underground
to induce fractures into rock layers below a terrestrial or oceanic floor which then enables the
extraction of underground oil and natural gas [45]. Often times these fracking sites will use
specially designed containment ponds for the storage of fluid which has been recovered from the
fracking well, these fluids may contain considerable content of gaseous hydrocarbons which will
over time evolve from the fluid reservoir [46].

Figure 1-17: Schematic of a hydraulic fracturing well.
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Heterogeneous combustion may be used in one of two ways to reduce the volatile nature of
such fluid making the hauling of the fluid to an off-site treatment facility unnecessary. In the first
method, a heterogeneous combustor which is placed nearby to one of such ponds may have some
of the contaminated fluid injected directly to the combustion chamber, instantly vaporizing the
fluids and thereby releasing the volatile compounds into the combustion chamber to be used as
fuel. A second means of reducing the impact from fracking is to have a small quantity of liquid
from the containment pond pumped from its reservoir to a chamber under vacuum allowing
atmospheric air to enter the lower layers of fluid to draw out flammable contents from the fracking
fluid prior to injecting the oxidizer into a heterogeneous combustion chamber.
1.3.5.

Case Hardening

Case hardening is a process commonly used to introduce nonmetals, commonly carbon and
nitrogen, into the surfaces of metals to achieve a surface layer which has a higher hardness than
the underlying metal. A heterogeneous combustor, Figure 1-18, may be used operating under a
rich condition of a hydrocarbon fuel, or ammonia as fuel in combination with high pressure to
produce a desired content of carbon or nitrogen in the exhaust gasses available for surface diffusion
into a metal under high temperatures. A valve system may be used in conjunction to oscillate
between rich combustion to maintain a thermally and chemically controlled environment for the
object being case hardened.
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Figure 1-18: Method of case hardening using a heterogeneous combustor.
1.4. Goals of Research
The goals of this research work are threefold


Demonstrate the design of a flow stabilized heterogeneous combustor.



Demonstrate the utility of acoustic spectroscopy as a characterization technique to
understand phenomena occurring within heterogeneous combustion.



Examine and characterize performance of heterogeneous combustion utilizing
substrates of different chemical composition and with various surface catalyst coatings.
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2. LITERATURE REVIEW
Heterogeneous combustor design is strongly varied amongst literature, and this is in part due to
the limited research in design investigations and existing applications for heterogeneous
combustors. No single combustor design is able to provide unlimited application, and while all
designs exhibit advantages there are several governing principles which should be considered in
the preliminary phases of design. While combustor design is an iterative process, a simple scheme
for designing a heterogeneous combustor should consider concepts presented in Table 2-1, and
consist of the following considerations sequentially: 1 ignition, 2 intended application, 3 available
fuel, 4 required thermal output, 5 emissions limitations, and 6 everything else. Example designs
for heterogeneous combustors are available in literature, some of which are presented in Figure
2-2 through Figure 2-6.
Table 2-1: Design considerations of a heterogeneous combustor.
 Fuel Mixing Mode
 Fuel(s) and Oxidizer(s) Used
 Desired Burning Mode
 Spatial Requirements
 Pre Heating
 Operational Metrics
 Operating Static Pressure
 Operational Lifetime
 Maintenance
 Discardable Components
 Sealing
 Emissions
 Ignition Method
 Ignition Location
 Plant Integration
 Ambient Conditions
 Measurement and Health Check
 Cost
Ignition is the introduction of a “spark” to the unlit fuel mixture which induces the self
propagation of the flame. Ignition may be assisted by a choke, or fuel mixture enrichment circuit
which raises the equivalence ratio to just greater than one [47]. Common ignition methods are
ignition are presented in Figure 2-1. High voltage discharges across a pair of electrodes exposed
to premixed fuel and air [48], an external pilot flame [49]. Other techniques of ignition employ
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photochemical reactions caused by narrow bandwidths of light focused at a small volume to induce
dissociation of stable molecular species [50] and the ignition of a flow by a heterogeneous catalyst
[51].

Figure 2-1: A) Ignition by external pilot flame. B) Ignition of a reacting flow by heterogeneous
catalysis. C) Laser ignition. D) Conventional spark ignition.
Ignition of the flow within a combustor is necessary for the combustor to be useful, within
Figure 2-2, an ignition device in the form of a spark plug within the combustion chamber ensures
a reliable means of starting the combustor. The combustor also features an integrated finned heat
exchanger to extract thermal energy from the exhaust gasses and water cooling around the
combustion chamber to regulate temperature.

Figure 2-2: Heterogeneous combustor with a spark plug igniter. [52]
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The flow of liquid fuel into a heterogeneous combustor adds significant complexity to the
operation in a scientific manner. Observing the schematic, Figure 2-3, it can be seen to meter the
flow of liquid fuel, nitrogen is used to induce a hydraulic head to a liquid fuel tank. The liquid fuel
is then advanced into the combustion chamber using a spray nozzle.

Figure 2-3: Spray nozzle liquid fueled heterogeneous combustor [53].
Heterogeneous combustors typically are arranged as a straight flowing tube device. For
combustors which are capable of providing significant thermal output, combustor design may
make use of shapes aside from the linear profile seen in other combustors enabling a smaller overall
footprint. Such a combustor which incorporates two dimensions for the flow path is presented in
Figure 2-4.
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Figure 2-4: Bi-fuel loop shaped heterogeneous combustor [54].
A combustor intended to provide portable combined heat and power is presented in Figure 2-5
where the housing for the combustion chamber features a mounting location for a thermoelectric
generator. From this combustor, heat from the exhaust may be used for space heating applications
while the device is simultaneously able to provide electrical energy.

Figure 2-5: Heterogeneous combustor for combined heat and power [28].
Some combustors which are more complex may incorporate multiple stages of reactant delivery
and specific attention to the expansion of gasses within the flow channel prior to the combustion
chamber. One such example is presented in Figure 2-6. A primary fuel and air inlet before the first
combustion media provides a large fraction of the total reactant flow. A second stage reactant
delivery is then injected following the first stage in which a small fraction of fuel and air are used
to release additional heat and provide another means to control pollutant formation.
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Figure 2-6: Multistage heterogeneous combustor using zirconia media [55].
With such design considerations, and observation of the presented burners, it is necessary to
use engineering principles, modeling simulations, and previous combustor design experience; to
design a heterogeneous combustor. While novel considerations will always be explored and
discussed in literature, heterogeneous combustor design should consider the method by which fuel
will be delivered to the combustion chamber 2.1, specifics of the combustion chamber 2.2, and the
instrumentation which is used to analyze combustor operation 2.3.
2.1.Reactant Delivery and Mixing
As explained in Error! Reference source not found. for a flame to exist within a combustion
hamber, oxidizer and fuel must be delivered to the combustion chamber. A total pressure gradient
must exist across the combustion chamber in which the total pressure at the combustor inlet
exceeds that of the outlet. In commercial combustors the necessary pressure rise is achieved using
compressors and ducts with variable area cross sections [56]. In addition to a pressure gradient,
proficient reactant mixing, and distribution must also occur with minimal losses in total pressure.
Methods of reactant delivery and mixing will impose strict constraints on the performance of
the combustor [57]. Ultimately, the engineer must determine the specifics of such methods and
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often these designs are proprietary [58]. In heterogeneous combustors with variable degrees of
premixing, a monotonically increasing correlation was found between the degree of fuel premixing
and thermal output while an inverse correlation was found between the extent of premixing and
emissions concentration [59] and thus a premixed fuel/oxidizer scheme is often preferable when
considering efficient operation.
For liquid fuels, there are additional considerations which must be addressed as the phase
dissimilarity in fuel and oxidizer may greatly affect combustion. If fuel droplets exist upon
entrance to the combustion chamber, initiation reactions and burning are limited to the small
volume surrounding the liquid where oxidizer may diffuse amongst vaporized fuel, Figure 2-7
[60]. Consequently requiring longer residence times within the combustion chamber to completely
oxidize the reactants. In cases where fuel droplet diameter exceeds a critical value the formation
of soot in a heterogeneous combustor is even possible [61].

Figure 2-7: Combustion of a liquid fuel droplet in a laminar gas flow [60].
While some heterogeneous combustors have been designed with crude liquid fuel delivery
schemes in which a gravity assisted delivery of kerosene through a syringe [62]. To ensure a single
phase mixture or finely dispersed aerosol exists upon entrance to the combustion chamber when
using liquid fuels, energy must be introduced to the fuel in order to vaporize fuel droplets. Several
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techniques have been used to achieve fuel vaporization, including pressurized sprays [53],
ultrasonic assisted vaporization [63], injection of the fuel into a supercritical environment [64], or
preheating of the fuel prior to entrance to the combustion chamber [65]. Combinations of these
and other methods may also be used to vaporize liquid fuel.
With a stressed importance on mixing and delivery, the subsequent consideration is the flow
rate and distribution of reactants through the combustor. As various fuels will require different
stoichiometric ratios of oxidizer and industrial combustors routinely feature oxygen enrichment or
water injection [66, 67] a convent method for determining the magnitude of a heterogeneous
combustors is to account for the amount of air which is delivered to the combustion chamber. A
proposed convention of combustor scaling using air flow rates is presented in Table 2-2.
Table 2-2: Heterogeneous combustor sizing by air flow rate SLPM.

Nano

x<1

Micro

1<x<15

Mesio

15<x<100

Macro

100<x<1000

Industrial

1000<x
2.2.Combustion Chamber
The combustion chamber of a heterogeneous combustor must house the flame in a manner
which provides safe and reliable operation while simultaneously promoting efficient operation.
2.2.1 Discusses the combustion chamber inlet plenum. 2.2.2 Gives an overview of selection
principles pertaining to composition and dimensions of the reticulated foam, and 2.2.3 discusses
the design of the chamber housing borrowing design considerations from conventional combustion
chambers.
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2.2.1.

Inlet Plenum

Assuming an efficient means of delivering reactants to the combustion chamber has been
implemented, the reacting flow must then be distributed across the combustion chamber cross
section. An inlet plenum is a device which enables a smooth transition in the flow profile between
the combustion chamber and the narrow diameter channel which supplies premixed reactants to
the combustion chamber. In conventional combustors, plenum design is used to maintain a stable
flame, and control the position of the flame within the combustion chamber [68-70]. As with
conventional combustion, the fluid dynamics of a heterogeneous combustor play an important role
in determining the characteristics of combustion. Characterization of flow fields is an expansive,
with several optical and numerical techniques used to accurately characterize and design this
crucial component [57].
As flame position within the combustion chamber is dependent upon design of the inlet plenum,
it is paramount to design a plenum which produces a known velocity and pressure profile of the
flow. When designing an inlet plenum it is necessary to consider the composition and velocity of
mixtures which are introduced to the combustion chamber, as changes in Reynolds Number
produce characteristic recirculation regions for given plenum geometries, Figure 2-8, [71]. For
inlets which deliver gasses above local sonic velocities, other considerations are needed [72].
Plenum designs may also be used to control flow of fluid in the azimuthal direction within the
combustion chamber, such azimuthal swirl may enable a reduction of combustion chamber volume
for a fixed reactant flow rate and mixture composition [73].
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Figure 2-8: Flow of air at 300K and 1 atm through 2D Ducts corresponding to Reynolds
numbers of (upper) 4000 and (lower) 20000.
As there is limited penetration of heterogeneous combustion in industrial applications at the
time of writing, the available literature presenting designs of heterogeneous combustors is limited
to nano~mesio scale heterogeneous combustors seen in research emphasizing simplicity and ideal
boundary conditions. A common feature of research combustors is the implementation of a
ceramic monolith, Figure 2-9, within the plenum. The monolith conditions the flow to exhibit a
near uniform velocity profile across the combustion chamber cross section.

Figure 2-9: Monolith structure featuring many small flow channels.
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While these monoliths are able to also able to act as a flashback arrestor due to the high surface
to flow cross section area, at appreciable flow rates, a significant amount of shear force will be
exerted on the fluid passing through the structure, inducing a total pressure drop [28, 74, 75].
Additionally studies have shown a stabilization effect at the interface between ceramic components
[53], and thusly monoliths have pronounced effects on the observed phenomena and range of stable
conditions at which the combustor may operate. For combustors which do not feature a monolith
at the combustion chamber inlet, the inhibition of the flame proceeding towards the inlet
indefinitely may be controlled by “high” flow velocities.
2.2.2.

Reticulated Foam Properties

From 1.2, it has been shown the emplacement of a solid phase has pronounced effects on
combustion through enhanced dispersion and heat recirculation. The use of a reticulated foam is
the novel foundation of heterogeneous combustors and thusly attention should be paid to its
selection criteria. Several manufactures are able to provide reticulated ceramic foam of various
composition and dimensions.
Selection of a reticulated foam requires many considerations. It is important for the foam to
remain a solid phase and if no coatings are used chemical stability under operating conditions,
mandating the use of refractory compounds. Properties for common materials are presented in
Table 2-3 where Tmax is the maximum stable temperature, RT is thermal shock resistance, and α
is the linear coefficient of thermal expansion. While many vendors are able to provide reticulated
foams, only certain pore densities may be available and the dimensions of the foams must be within
ability of the manufacturer.
Table 2-3: Properties of selected refractory ceramics [76].
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Al2O3
1900
5~6

SiC
1600
20~50

ZrO2
2300
2~4

Tmax in air (°C)
𝑊
k (𝑚∙𝐾) at 1000°C
ε at 1727°C
0.28
0.90
0.31
−6 1
8
4~5
10~13
α (10 ∙ ⁄𝐾 ) over 20~1000°C
3
23
1
RT (10−3 ∙ 1⁄𝑊 )
Within literature a range of pore densities are used, and the common indication of pore density
is pores per inch ppin and ranges from 10~45 ppin [77]. Pore size exhibits pronounced effects on
both dispersion and heat transfer within the flow [17]; for small pore sizes the radiative heat
transfer becomes limited though intrafacial heat transfer between the gas and solid phase increases
as well as conduction within the solid phase. Based upon expected flow rates and mixture heating
values, considerations may be taken to size the pores of the media accordingly.
After a material has been identified, features of the solid must be evaluated. Quality porous
media should contain little to no clogged pores, invariant pore clustering, and maintain sufficient
structural integrity. For heterogeneous combustors for which catalysts will be employed, it is also
advisable to determine the nominal size and distribution of structural features of the surface of the
solid phase. Using BET techniques, specific surface area of solids may be experimentally
determined through the adsorption of gas on a solid surface [78].
Across literature, reticulated ceramic foams have been used in heterogeneous combustors
having either rectangular or circular cross sections, and various lengths [17]. While design
calculations are paramount, it is difficult to ascertain the location of the flame position from
calculations alone. Foam depth is the single most important consideration for determining if the
flame will maintain a position within the foam [17]. A longer foam will provide a larger range of
stable equivalence ratio and flow rate combinations but will also induce significant thermal losses
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from the combustion byproducts if the foams length is excessive. Therefore careful selection
should be considered when determining the depth of the porous bed.
Regardless of the cross section’s shape, the cross section area will ultimately determine the
expected maximum mass flow rates and the ability of the solid phase to radiate heat along its axis.
To appropriately size the porous media cross section consideration of the fuels used, static pressure
and the expected range of equivalence ratios must be considered as these parameters influence the
laminar flame speed. Determination of rough characteristics should be implemented using reactor
models available in literature [79].
2.2.3.

Chamber Housing

Combustion chamber housings must withstand the intense conditions of combustion. Across
literature it is common to see steels and ceramics which may be transparent enabling optical access
[80, 81]. The foremost importance of the combustion chamber is to enable an access method for
ignition. The chamber housing must also provide a satisfactory means reaction containment. In
combined heat and power units the housing may also simultaneously enabling use of heat produced
from the combustion chamber for electricity conversions and other processes [82, 83].
Combustion chambers must last for a sufficient designated life, for engines which have lifetimes
of only a few minutes this is obviously a different consideration than those used in turbine power
plants which must last for years [84, 85]. Considering combustion chambers which must have a
“longer” lifetime, the combustion chamber is designed in such a way that provides stable housing
of the flame while maintaining its structural integrity.
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These “long” life combustion chambers in conventional combustors are often coated with
highly corrosion and heat resistant thermal barrier coatings which act to reduce the temperature of
the load bearing components of the combustion chamber [86]. Active cooling in the form of film
cooling is also used to provide a buffer layer of inert gasses between the flame and exposed wall
of the combustion chamber [87]. Additional convective cooling may be also used on the exterior
of the combustion chamber to remove excess heat [85]. Chamber housings may also actively
control combustion through exhaust gas recirculation and staged reactant introduction [55]. All of
these techniques of control and design may be considered in heterogeneous combustion chamber
designs.
2.3. Instrumentation and Measurements
Instrumentation and diagnostics for heterogeneous combustion are convoluted. The nature of
the solid phase inherently imposes difficulties in acquiring accurate measurements which derive
from only one phase and simultaneously the inclusion of measurement techniques disturbs the
nature by which combustion occurs [19]. Even with such complications from the porous media,
measurements may be taken. The most common method by which data is collected for
heterogeneous combustors is through thermocouples within the combustion chamber. Though
optical, acoustic, pressure, and chemical analyses are also seen in literature [81, 88].
2.3.1.

Temperature Measurements Using Thermocouples

Within literature, thermocouples are the most common means of measuring temperature within
heterogeneous combustion. Thermocouples measure temperature through the thermoelectric effect
which is known to occur in a particular quantity upon the junction of two dissimilar alloys; for Ktype thermocouples these metals are alumel (red wire) and chromel (yellow wire) alloys. However
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the use of thermocouples as a temperature measurement device is prone to error [89]. Heat transfer
between the thermocouple and the surroundings result in the temperature recorded not inherently
being the temperature which is desired. Referring to Figure 2-10, a thermocouple exposed to some
⃑ ∞ is subject to convection.
flow with a free stream temperature T∞ and free stream velocity 𝒖
Radiative heat exchange with nearby surfaces and conduction through the thermocouple leads also
simultaneously occur. As a result of the multi-mode heat transfer, the recorded temperature is a
combination of gas & solid phase temperatures with some offset accounting for conduction from
the thermocouple bead.

Figure 2-10: A thermocouple bead placed in a flow with some prescribed conditions while
simultaneously being exposed to a surface.
2.3.2.

Photographic Imaging

While it is the most fundamentally simple means of observation, a photograph is able to reveal
substantial information. Photographing a hot object may even reveal temperature distributions
along the surface as all objects emit radiation based on the temperature of their surface. A fraction
of this energy is transmitted across wavelengths in the visible spectrum; hence as to why objects
become visible when at a certain temperature range. For a heterogeneous combustor a simple
optical system may resolve two-dimensional spatial temperature profiles when a calibration source
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is used [90]. To consider a photographing technique for scientific observations in heterogeneous
combustion aside from optical access, the only necessary component of understanding is that of
the emission of thermal radiation.
Thermal radiation is an expansive subject and for further information textbooks are available
[91]. The electromagnetic spectrum is broken into several ranges of wavelengths λ. Wavelengths
may also correspond to different wavenumbers ν̿ or frequencies f of light through relations (2-2)
and (2-3).
co 299 792 458 (m⁄s)

(2-1)

𝑐𝑜
⁄λ

(2-2)

ν̿ = 1⁄λ

(2-3)

f=

Objects which are prefect spectral emitters and absorbers are termed blackbodies. Blackbodies
exhibit radiative properties of equal intensity which is independent of direction from the surface
normal. The Hemispherical Spectral Emissive Power e′bλ of intensity is presented as equation
(2-6), where C1 and C2 are empirically derived constants [91]. Level curves of which across
several temperatures are presented in Figure 2-11
W · μm4⁄
C1 ≡ 0.595 521 97 · 108 (
m2 · sr)

(2-4)

C2 ≡ 14 387.69(μm · K)

(2-5)

e′bλ (λ, T) =

2 · C1
λ5 ·

C2
(e ⁄λ·T

(2-6)
− 1)
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Figure 2-11: Level curves of hemispherical black body emissive power.
From observation of Figure 2-11, it is seen there is an increasing emissive power with
temperature, coupled with a shift in the peak intensity to shorter wavelengths. For solid objects
across the temperature range of the porous media used in heterogeneous combustion, there is a
monotonically increasing fraction of radiation emitted in the visible spectrum with increasing
temperature. By placing a charge coupled device or other optical detector in a line of sight with
the porous media, temperature of the solid phase may be analyzed on a two dimensional plane by
correlating intensity of [R G B] color values to a black body at prescribed temperature.
2.3.3.

Ex-Situ Gas Chromatography

The most common form of chemical species analysis used in heterogeneous combustion is
through the analysis of exhaust gasses by a gas chromatograph or GC. Gas chromatography is a
means of separating components of a mixture by molecule type with the purpose of obtaining
information about the concentration and types of molecules within the mixture [92]. GC’s are
comprised of three primary components: 1 a sample collection device, 2 the column, and 3 the
detector.
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A flow schematic of a Dual-Column GC is presented in Figure 2-12. Notice the use of carrier
gas, helium, which is used as both a “reference” gas and as an inert environment to protect the
detector from oxidation. For this GC, the carrier gas which is always flowing through the sample
columns is used to supplement the flow which is delivered from the sample injection ports.
The sample collection device is responsible for introducing the test mixture to the GC. For gas
samples, it is commonplace to observe a sampling valve which is a mechanical device which
directs the sample into the GC only at desired times. With the use of a mechanical valve, a pressure
gradient is required to force the sample from the sample holder into the GC. In some experimental
systems, a gas sample storage tank may be used to provide time averaged samples of exhaust
gasses for analysis [81]. A typical diagram of such valve sold under the trade name of a Valcovalve, is pictured in Figure 2-13.

Figure 2-12: Diagram of a two Column Gas chromatograph.
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Figure 2-13: Flow schematic diagram of a Valco-valve.
The column used in a GC is responsible for separating components of the sample. A GC column
is a long enclosed flow channel with a solid phase which the sample flows through. Molecular
components exhibit different viscosities and thus through molecular interactions with the
stationary phase the components of the sample may be separated out [92]. Specifics of the
column’s stationary phase composition will determine what compounds are able to be separated
by the column.
Lastly it is the detector which is able to identify the compounds. While there are a plethora of
detectors, the most common detector is a thermal conductivity detector TCD for which a
schematic is placed in Figure 2-14. TCD’s are most commonly used for the analysis of light and
permanent gasses [92]. A TCD is a nondestructive detector, preserves the sample, where a
Wheatstone bridge, with some constant voltage or constant current source used to heat resistors
exposed to the flow, referred to as filaments. The balanced current or voltage between the two legs
of the bridge is then monitored. A signal arises on a TCD when gasses passing over the filaments
exhibit a thermal conductivity which differs from the reference gas flow. Select gas thermal
conductivities are presented in Table 2-4.
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Figure 2-14: Diagram of a TCD detector.
Table 2-4: Thermal conductivities of select gasses at 400 K [92].
Gas
Gas
𝒌𝒇 (𝑾⁄𝒎 · 𝑲)
0.230 4
𝑯𝟐
𝑵𝑶
0.049 1
𝑪𝑯𝟒
𝑵𝟐 𝑶
0.037 4
𝑵𝑯𝟑
𝑪𝑶
0.033 7
𝑶𝟐
𝑯𝟐 𝑶 (𝒈)
0.032 3
𝑵𝟐
𝑪𝑶𝟐
0.022 6
𝑨𝒓
𝑯𝒆
2.3.4.

𝒌𝒇 (𝑾⁄𝒎 · 𝑲)
0.033 1
0.026 0
0.032 3
0.027 1
0.025 1
0.190 6

Acoustic and Pressure Measurement Techniques

Other techniques of measurement of combustion characterize the resonance modes, which are
characterized by the formation of vortical flame structures of a characteristic pattern, by observing
pressure and acoustic variations [93]. The characterization of these resonance modes is important
as resonance can cause the flame to extinguish, or worse cause catastrophic failure of the
combustor [94]. These vortical structures, or instabilities within the flame may be characterized
using acoustic signals [95]. Acoustic signals propagate as waves through isotropic medium [96].
Analyzing only a single point in space the amplitude of the deviation from the time averaged

absolute static pressure is 𝜟𝑷, (2-7) which is comprised of many individual waves in unison each
with their own amplitude of variation 𝒑𝒏 , frequency 𝒇𝒏 , and phase 𝜱𝒏 .
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𝜟𝑷(𝒕) = ∑ 𝒑𝒏 · 𝐬𝐢𝐧(𝟐𝝅𝒇𝒏 · 𝒕 + 𝜱𝒏 )

(2-7)

However, the collection of an acoustic signal must take into account: the emission source,
receiver, and environment through which the acoustic wave will propagate. Within

Figure 2-15 a wave propagating freely through a real isotropic medium will only be attenuated
as the wave propagates from the source, receivers which collect the signal will collect unique
signals with phase and amplitude, for a given frequency, a function only of the path by which the
waves travel from the source. Conversely, if there is a nearby object which causes a reflection of
the wave, stacking of the original wave and the reflection of the original wave from the wall will
cause interference in the form of echo. As a result, the receivers which were placed at various
locations relative to the source will also exhibit a difference in the collected signal, due to the
quantity of interference collected by each wave.
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Figure 2-15: Acoustic wave propagating in an isotropic medium with no interference from the
surroundings or receivers. Versus an acoustic wave propagating through an isotropic medium
with interference in the form of echo due to the interaction of the wave with the wall.
By analyzing time series data collected from acoustic receivers in the frequency domain, via a
Fourier Transform and relating the signal to other measurement devices. It is possible to
characterize the amplitude of given frequencies of an acoustic signal enabling subsequent
correlations of the acoustic signal with phenomena occurring during combustion.
2.4.Heterogeneous Catalysis
Catalysts are inorganic compounds which lower the necessary activation energy of chemical
transformations [97]. A catalyst which is in a phase is dissimilar to that of the primary reaction
channel is heterogeneous. While heterogeneous catalysis may be applied to a broad spectrum of
applications ranging from aramid production [98] to water purification and pharmaceuticals [99,
100]; within the scope of this work catalysts are used to assist in the oxidizing and/or reducing
reactions of species formed during the combustion of methane.
While having understanding of a simple mechanism describing the adsorption and desorption
of an adsorbate from the catalyst is necessary, there is still the chemical phenomena of what
happens between adsorption and desorption. For adsorbates which have formed a bond on the
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surface, the adsorbate may: 1 dissociate on the catalytic surface, 2 react with gas phase species, 3
react with other surface species, 4 return to the gas phase, or 5 in the case of a strong bond
deactivate the catalyst site [101]. It is from these aforementioned possibilities which the complex
reaction mechanisms of heterogeneous catalytic reactions may be derived.
2.4.1.

Substrate Reactivity

Within the literature, a broad variety of solid media have been studied as a porous support
material for heterogeneous combustion. Porous ceramic medias comprised of materials such as
Al2O3 [52], ZrO2 stabilized with CaO [102], MgO, Y2O3 [53], zirconia toughened mullite [103],
SiC [104], or SiSiC [80], have been implemented as flame holders to enhance combustion. Of the
aforementioned media, it has been established that Al2O3 ceramics provide a catalytically inert
surface [28], and in this case the media surface does not contribute to the chemical reaction
pathways involved in the combustion process but simply serves as a means to store and redistribute
heat within the flame enabling: higher net reaction rates, an elongated flame, and improved flame
stability [38]. However, a catalytically active ceramic media is of interest for heterogeneous
combustion as a catalytically active surface can enable additional chemical reaction pathways,
facilitating increased combustion temperatures, lower light off temperatures, and reductions in the
concentration of undesired exhaust gas species [75, 105, 106]. It was established that SiC and ZrO2
porous ceramic might possess catalytic activity toward methane combustion within porous media
and a number of research papers were published with performance results which suggest that both
SiC and ZrO2 based ceramic surfaces promote combustion and are active participants in the
combustion process [107-109].
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2.4.2.

Cerium Oxide Based Catalysts

CeO2 based ceramics are well known and important catalysts for the oxidations of hydrocarbons
[110]. The catalytic behavior may be attributed to the ceria lattice, which contains a high
concentration of highly mobile oxygen vacancies and can therefore act as a local source or sink
for oxygen involved in combustion reactions taking place on the ceria surface [110, 111]. The
doping of CeO2 with Gd2O3 generates a significant number of oxygen vacancies presented by
′
defect formation reaction 𝐺𝑑2 𝑂3 = 2𝐺𝑑𝐶𝑒
+ 𝑉̈𝑂 + 3𝑂𝑂𝑋 in Kröger-Vink notation [112], which

increases the turnover frequency of the catalyst even further [113]. Detailed studies of adsorption
and interaction of light hydrocarbons, such as methane, with CeO2 have been published [114-116].
It was established that the activation of methane occurs over CeO2 surfaces through either surface
coordinatively unsaturated (cus) oxygen or surface lattice oxygen anions, which both are surface
active oxygen species [110, 114]. In addition to surface active oxygen species, acid-base sites are
also important in the adsorption and reactions of hydrocarbons on ceria surfaces [117].
Crystallographic imperfections, such as steps, terraces, and kinks; which are considered low
coordination sites on CeO2 surfaces, and are where the formation of acid-base pairs are strongly
favored. The presence of such defects significantly promotes the abstraction of H atoms from the
hydrocarbons’ C-H bonds, enabling the formation of active CH3- and H+ ions on the CeO2 lattice
surface [115]. Formation of such ions lead to the subsequent adsorption of hydrocarbon radicals
from the gas phase and unsaturated hydrocarbons bonding predominately with strong acid sites on
the ceria surface which may then undergo reactions with adsorbed O2- and O- ions, promoting
complete methane oxidation [110].
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The deposition of catalytically active Gd doped CeO2 on ZrO2 based porous ceramic supports
can improve the stability of CeO2 nanopowders for powder loadings less than 15 wt% on the
support surface [118]. Under such low catalyst concentrations, the support will prevent loosely
distributed powders from sintering and coarsening at high operational temperatures [119] and,
thus, the high catalytic activity of CeO2 during methane combustion will be preserved. It is also
well know that a combination of CeO2 and ZrO2 oxides can create a rather stable ionically
conductive ceramic material which itself could act as a catalyst for the combustion of methane
[120, 121].
2.4.3.

Perovskite Oxide Catalysts

LaCoO3 based perovskites are remarkable materials with unusual electric [122], magnetic
[123], mechanical [124], optical [125], and catalytic behavior [126]. LaCoO3 itself is a parent
compound of a broad ABO3 perovskite system, where the La3+ cation can be substituted with Sr,
Ca, Ba or some rare earth metals that is mixed electronic and oxygen-ion conductor with
exceptional thermal stability, electronic structure, ionic conductivity, electron mobility and redox
behavior [127]. It was reported that Sr or Ce substituted LaCoO3 showed high catalytic activity for
methane oxidation reaction [128] and catalytic combustion of methane over pure LaCoO3 and Sr
substituted La1-xSrxCoO3 proved that cobaltites exhibited very high oxidation activities
comparable with the activity of Pt/Al2O3 combustion catalysts [129]. It was shown that low surface
areas along with a high sinterability of LaCoO3 perovskite catalysts are the major limitation for
use of perovskite oxides as efficient heterogeneous catalysis in methane combustion [130],
therefore the introduction of a material with a large surface area deposited on a thermally stable
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support is considered as a highly beneficial way to improve the performance and characteristics of
heterogeneous combustion.
2.4.4.

Tungsten Carbide/Palladium Catalysts

One such catalyst of interest is tungsten carbide (WC). WC is a readily available and low cost
material which was previously tested for oxygen reduction and fuel oxidation reactions as cathode
and anodes in fuel cells [131, 132]. It was determined [133-135] that although the performance of
WC is inferior in direct comparison with platinum and other noble metals, its low price and its
insensitivity to catalyst poisons like H2S and CO [136, 137] make it a promising alternative to the
noble metal catalyst for application in fuel cells. Since the electrochemical half-reactions which
occur on fuel cell electrodes are paramount to combustion, catalysts which are promising for FCs
are also worthy of investigation in combustion.
WC has been shown to exhibit Pt- like behavior in surface catalysis, where the chemisorption
of hydrogen occurred on WC surfaces at room temperature, along with other promising chemical
reactions [138]. At the same time, the stability and electrocatalytic activity of WC was significantly
improved by addition of transition metals, such as Ta; the addition of Ta to WC enhanced the ORR
activity of the WC catalyst while also reducing the quantity of oxygen bound on the catalyst surface
[139].
While WC is a catalyst worthy of investigation, palladium (Pd) metal and its oxide (PdO) are
well known as efficient promoters of combustion reactions, where it was established that Pd based
catalysts enables the simultaneous oxidation of NOx and complete oxidation of CO to CO2 in
quartz tube catalytic reactors [140-143]. Under reaction conditions, combustion of methane over
Pd based catalysts has been shown to be strongly related with formation of PdO due to the ability
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of Pd to uptake oxygen from the gas phase. It was shown that both methane and hydrogen will
adsorb to Pd and PdO surfaces at room temperatures [144, 145], and Pd/PdO are able to fully
convert stoichiometric CH4 and O2 mixtures to CO2 at temperatures as low as 200 °C [146]. It was
also found that in addition to the ability of Pd to exchange oxygen with the gas phase, oxygen ion
exchange with a ceramic substrate carrying Pd particles greatly impacts catalytic performance of
Pd metal in combustion reactions [147]. It was established that an active oxygen exchange between
the Pd/PdO catalyst surface and ZrO2 substrate is the mechanism responsible for high turnover
frequencies of H2O and CO2 during methane combustion, significantly facilitating the catalytic
reactions which form on the catalyst surface to substrates like Al2O3 which exhibit significantly
lower O2- ion conductivities [148-150]. Therefore use of fast oxygen conducting ceramics, such as
ZrO2 stabilized with Y3+ or Sc3+ tri – or Ca2+ or Mg2+ di-valent atoms, would enhance Pd/PdO
catalyst performance even further.
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3. COMBUSTOR APPARATUS, CATALYST APPLICATIONS and
EXPRIMENTAL METHODS
3.1. Introduction
The heterogeneous combustor used within this work Figure 3-1 contains over 100 individual
components and is the product of my own design with the assistance of four senior design groups
and counting whom worked closely with me on the development of specific components.

Figure 3-1: Exploded view of combustor
Construction of the device hardware was executed in stages. Following previous experimental
and numerical investigations [54], dimensions and flow rates of this combustor dubbed Thor’s
Hammer were defined. The second developmental stage consisted of: the inclusion of observation
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windows in the external chamber housing, a liquid fuel delivery apparatus, and a large heat
exchanger for the subcritical heating of water.
A schematic presentation Figure 3-2 and a photograph of the developed chamber in operation
is shown in Figure 3-3. Some of the factors that were considered in the design of the combustion
chamber were (i) method of ignition, (ii) flow rate limits, and (iii) dimensions of the porous media,
and simplicity of design. The locations of 13 thermocouples along the length of the combustion
chamber and also two thermocouples placed at the inlet and at the exhaust are also shown, which
are used to collect temperature profiles during combustion as a function of time.

Figure 3-2: Schematic of the combustion chamber
The incorporated sapphire viewing windows and stainless steel shutters, can be used to visualize
the temperature distribution on the outer surface of the stainless steel combustion chamber when
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the shutters are open enabling determination of the approximate location of the flame within the
combustion chamber. The photograph taken of the outer surface of the stainless steel combustion
chamber radiating heat, through the sapphire window with the front shutter open, reveals the
approximate location of the combustion zone as shown in Figure 3-3. However, if the stainless
steel inner combustion chamber were to be replaced by a sapphire tube, direct flame visualizations
or the incorporation of advanced spectroscopy techniques could be made [19].

Figure 3-3: Photograph of the experimental combustor in operation; the approximate flame
Figure 3-4 presents side view photographs of the combustion chamber, where the Figure 3-4A
presents the chamber with both top and side shutters closed, and Figure 3-4B presents the chamber
with the shutters removed revealing the sapphire optical windows which can be used for
observation of temperature distribution inside. The 13 axial combustion chamber thermocouple
wire leads are also visible in Figure 3-4 A and B and an optical micrograph of a thermocouple built
for temperature measurements along the combustion chamber is shown in Figure 3-4C. Axially
placed thermocouples are positioned 6.87 mm apart within small bores along the outer radius of
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the combustion chamber axis. Each thermocouple is prepared with an alumina double bore tube
(AdValue Technology LLC: Tuscon, USA) through which K-Type 30 GA wire (Omega
Engineering: Stamford, USA) is drawn. Thermocouple beads are manufactured via spot welding
and have a diameter of approximately 700 μm. Each thermocouple within the bore is then exposed
indirectly to the combustion environment, which occurs across a SAE 316 stainless steel wire
mesh, with each thread being approximately 115 μm in diameter. A schematic of the thermocouple
is located relative to the porous ceramic media is shown in Figure 3-4D. Signals from the
thermocouples were recorded via a NI 9213 thermocouple DAQ (National Instruments: Austin,
USA) within LabView (National Instruments: Austin, USA) at a rate of 8 Hz.

Figure 3-4: (A) Isometric view of combustion chamber exhaust side with shutters closed. (B)
Isometric view of combustion chamber inlet side with shutters open exposing alumina
windows. (C) Optical micrograph of the thermocouple designed for use along the combustion
chamber axis. (D) Axial thermocouple schematic showing the separation of thermocouple
probe from porous media via a wire mesh.
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Three types of porous media (ASK Chemicals: Hilden, DE) were considered to be used in the
combustion chamber. One type of media chosen was alumina, as it is known to be catalytically
inert in combustion [28], and two others MgO stabilized ZrO2 and SiC were chosen as they are
potential candidates to promote heterogeneous combustion [107, 151]. The manufacturer reports
the porosity of all three types of porous media as 10 pores per inch [152]. A photograph of the
Al2O3, MgZrO2 and SiC three porous media are shown in Figure 3-5. Before being inserted in the
combustion chamber, the porous media was wrapped in a steel wire mesh in order to minimize
degradation and to prevent the hard ceramic media from scratching the inner surface of the
stainless steel combustion chamber. The porous media placed within combustion chamber
provides housing to the flame and is located at a 40mm span away from the reactant inlet, where
the flame position within the chamber is controlled via the reactant flow rate through the
combustion chamber and the flame’s interactions with the solid media. Therefore, a design of the
combustor developed in this work is unique, as by placing the porous ceramic media at a certain
distance away from the reactant inlet allowed the flame to be forced and kept inside of the porous
media by simply the reactant flow rates with no extra flow conditioning device being employed.
From an analysis of designs of such heterogeneous combustors published in the literature [80, 153155] such flow conditioning devices, placed along with porous ceramic media, were used to for
the flame inside. For example, a metal plate with finely distributed small channels was used in [80]
to prevent the flame from advancing. A “low” porosity “ceramic” section was used as a flashback
arrestor in [154, 155].
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Figure 3-5: A photograph of MgO stabilized ZrO2, Al2O3, and SiC porous ceramic media used
for combustion experiments inside of the combustion chamber to contain a flame. The porous
ceramic cylinders contain 10 pores per inch and have 50mm in diameter and 50.4mm in
length.
3.2.Methods of Reactant Delivery and Control
In order to operate porous combustor, the mixture of fuel and air gases must be constantly
delivered to the inner combustion chamber. To do this, an innovative reactant delivery nozzle was
proposed and developed in this work. In order to deliver reactants in a highly controlled manner
to the fuel delivery nozzle a reactant control and metering system was developed, and the block
diagram of the reactant delivery path is shown in Figure 3-6. In this reactant delivery system,
laboratory air is drawn into compressors and stored in two large reservoirs. Pressure regulators are
used to control the discharge of air from the reservoirs before it passes through a two stage dryer.
A secondary storage tank, with bypass, is then utilized to reduce the amplitude of pressure
fluctuations in the dried air. A split in the air line then directs air toward two additional pressure
regulators resulting in: a low flow line in which “fine air” is controlled using an FMA-3200 series
flow controller (Omega Engineering: Stamford, USA), and a high flow line in which “coarse air”
is controlled using an Aalborg GFC47A-VDL6-C0 flow controller (Aalborg: New York, USA).
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Following the Aalborg flow controller, the coarse air passes through a tertiary storage and bypass
line to further minimize pressure fluctuations before delivering air to the delivery nozzle. Methane
is drawn from a parallel set of methane cylinders before undergoing a double pressure regulated
stepdown and subsequent flow rate control is achieved using an Aalborg GFC17S-VAL6-C0 flow
controller (Aalborg: New York, USA). Methane and fine air are then mixed in a manifold before
entering the delivery nozzle.

Figure 3-6: Block diagram of reactant delivery path. (1) compressor, (2) pressure gauge, (3)
reservoir, (4) pressure regulating valve, (5) dryer, (6) flow controller, (7) methane cylinder,
and (8) liquid fuel reservoir.
The delivery nozzle is comprised of several components: a siphon nozzle, four supplemental
inlet ports, inlet cap, reducer, coupler, KoFlo Tube Mixer (KoFlo Corporation: Cary USA), and
59

Inlet Flange; which together function to bring a single phase mixture of homogeneous composition
into the combustion chamber, as seen in the assembly diagram of the delivery nozzle and its
corresponding cross section view Figure 3-7. While the delivery nozzle was designed to handle
both liquid and gaseous fuels, in the current work only gaseous mixtures were used.

Figure 3-7: Assembly model and cross sectional view of fuel delivery nozzle.
For delivery of the liquid fuel, a special BETE XFA air atomizing siphon nozzle (BETE:
Greenfield, USA) was utilized, which provides two inlets, one inlet for liquid fuel and another
inlet for air Figure 3-8A. During operation, air leaving the siphon nozzle passes over a small
concentric opening, which leads to the liquid fuel inlet of the siphon nozzle. Air at high flow
velocity induces shear stresses around the liquid fuel opening thus creating a 10 kPa maximum
vacuum at the liquid fuel inlet allowing the liquid fuel to be delivered to the cavity bounded by the
inlet cap and reducer Figure 3-6. As the opening of the siphon nozzle, which liquid fuel is
delivered, is very small and equals to a 900±25 μm, the droplets of fuel which are coming to the
reducer are fine enough that they create an aerosol, consisting of liquid fuel and air, which
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emanates from the center of the inlet cap. In order to prevent the liquid droplets within the aerosol
from condensing on the walls of the reducer, mixtures of gaseous CH4 and air, distributed via the
four supplemental inlet ports of the inlet cap, were used to create a buffer layer preventing the
aerosol spray from impinging on the solid surfaces of the reducer before they enter the KoFlo tube
mixer Figure 3-8B. Once within the tube mixer, specifically designed baffles provide a tortuous
path for reactants to travel, ensuring the complete vaporization of any remaining liquid fuel
droplets and even dispersion of reactants entering the combustion chamber. Two photographs of
the inlet cap from different perspectives are presented in Figure 3-9 A and B with an additional
photograph of the assembled delivery nozzle is presented in Figure 3-9 C.

Figure 3-8: (A) Exploded reactant flow diagram of siphon nozzle. (B) Reactant flow path
when both liquid fuel and methane are simultaneously used. (C) Reactant flow path when only
methane fuel is used.
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In the case when only gaseous fuel/air mixtures were utilized, as it was in the experiments
presented in the current work, the following pathway was used to deliver gases to power the
combustion chamber. Premixed air and methane entered the reducer via four supplemental inlet
ports with a concentration of 10 SLPM of air, and 2.25~4 SLPM of methane. Simultaneously 37.5
SLPM of air was additionally delivered via the siphon nozzle. Such scheme of delivery of gasses
ensured that sufficient flow rates of gases were maintained to operate the combustion chamber.
After gases entered and mixed in the reducer, they pass through the KoFlo tube mixer where further
homogenization of the mixture occurs, and then they go further directly into the combustion
chamber. A schematic of the gaseous reactant pathway is presented in Figure 3-8B.
Reactants entering the combustion chamber from the delivery nozzle were expected to exhibit
swirl about the axis of the combustion chamber due to the geometry of the KoFlo Tube Mixer as
well as recirculation due to the sudden expansion at the combustion chamber inlet [156]. These
parameters, swirl and recirculation, further homogenize the gaseous temperature and composition
over the volumes where they occur. Swirl, in addition to reducing the angular variation in gas
composition and temperature induces centrifugal forces into the fluid, accelerating the rate at
which the velocity profile becomes uniform in the axial direction. Fluids exiting a sudden
expansion will exhibit a central core in which the dynamic pressure is uniform and positive,
meaning the fluid within this region flows along the axis with a uniform velocity profile. Within
some axial span from the expansion, which varies with flow Reynold’s number, a radial dynamic
pressure gradient exists. At some radial position within this region the dynamic pressure will
become negative, meaning the fluid will locally flow against the axial direction. Within this region
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recirculation is said to occur [157]. Regions in which recirculation occurs will exhibit nearly
constant temperature and composition due to the mixing of gases.

Figure 3-9: Photos of (A) Inlet Cap assembled with siphon nozzle and supplemental inlet ports
attached, liquid fuel inlet is capped off; (B) underside view of fuel inlet cap. (C) Assembled
fuel delivery nozzle.
To accurately characterize the swirl and recirculation experienced at the sudden expansion
where the reactant delivery nozzle discharges into the combustion chamber, a CFD analysis was
preformed to verify that recirculation would not overlap the space within the combustion chamber
where the combustion media would be placed. A flow domain was generated and analyzed within
Siemens NX 8.5 (Siemens: Munich, DE) which replicated the geometry of the coupler, tube mixer,
and empty combustion chamber consisting of 1.8 million tetragonal quadratic elements and a
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nominal wall surface roughness of 115 μm. The inlet boundary condition imposed at the coupler
assumed dry air at 26.85 °C with an axial velocity profile and a mass flow rate of 60 SLPM, which
is considered as the maximum flow rate for the existing instrumentation of the combustor and
when the recirculation region would occupy the largest volume within the combustion chamber.
At the exit boundary condition, an atmospheric criterion was assumed. From this simulation,
Figure 3-10, the recirculation region was found to extend 25 mm into the combustion chamber
enabling a 15 mm span for the flow profile to normalize before entering the porous media which
is placed 40mm from the combustion chamber inlet.

Figure 3-10: (A) Isometric view of flow streamlines and flow domain. (B) Side profile view of
flow streamlines combustion chamber showing the length of recirculation.
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3.3. Ex-Situ Instrumentation
Aside from the combustion chamber and reactant dispersion components of this combustor,
several other instrumentation devices were also included to collect important supplementary data
on system operation Figure 3-11 A and B. Thus, the experimental setup includes (i) a microphone,
(ii) a CCD camera; and (iii) an exhaust sample port which is connected to a gas chromatograph to
analyze the composition of exhaust gases.

Figure 3-11: (A) A photograph of the heterogeneous combustor aligned with instrumentation
devices within a fume hood. (B) A schematic for the location of the microphone, mirror, and
CCD camera relative to the combustor exhaust port in the experimental set up.
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3.3.1.

Acoustic Measurements Setup

Acoustic measurements were recorded using an AKG D112 MkII (AKG Acoustics: Vienna,
AT) microphone mounted at a fixed location on an optical breadboard using a modally tuned
mounting bracket. The optimal position of the microphone relative to the exhaust port of the
combustion chamber was found by taking an acoustic signal at different locations and finding the
location with the best optimal fidelity. Time signals were recorded from the microphone at 192
kHz with a 24-bit sampling depth utilizing a Fenix HT OMEGA sound card (HT OMEGA: Ontario
USA) and LabView software (National Instruments: Austin, USA). As the fume hood where the
combustor and microphone were placed in has flowing air; it was expected some background noise
would be present due to both the flowing air and the induced excitations of the fume hood panels.
To reduce the interference of the background noise present in the enclosure which housed the
combustion chamber, metallic foil tape was placed along various free edges around the fume hood
enclosure to provide additional structural damping. Additionally, echoes within the fume hood
were controlled through the placement of noise absorbing foam panels over the exposed metal
surfaces of the fume hood. A schematic of experimental set of the combustor with included
microphone’s location is presented in Figure 3-11 B.
3.3.2. Optical Measurements Setup
Optical observations through the combustion chamber exhaust were made using a Sanbent
D200 CCD camera (Shenzhen Meikeda Electronic Co.: Shenzhen, CN) with a non-magnifying
lens aligned with an aluminum optical mirror (ThorLabs, Inc: Newton USA) and the combustion
chamber exhaust Figure 3-11 B. To record optical emissions using the CCD, the combustor
exhaust was aligned with the mirror. Using adjustments on the mirror and CCD camera, additional
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alignments were made to ensure a quality alignment of the combustion chamber exhaust relative
to the mirror surface. Images were recorded using the LabView Vision Acquisition Suite at
variable frame rates. During ignition a high frequency recording mode at a rate of 15 Hz was used
to capture fine details, though during operation of combustor images were recorded at a fixed
interval with 60 seconds between each frame; regardless of the rate of data acquisition the camera’s
exposure time was maintained at 0.066 ms.
3.3.3. Gas Chromatography
Exhaust samples from this combustor were taken through the special access port which enabled
gasses to be drawn from the combustor exhaust. Exhaust gas samples were drawn through a 6 port
Valco Valve, with an attached sample tube, using a vacuum pump. Simultaneously, a helium
carrier gas supplied at a rate of 25 ml/min was delivered to one column of the Gow-Mac 200 Gas
Chromatograph (GC) (GOW-MAC Instrument Co.: Bethlehem, USA) , with a 30’ Haysep D/B
100 column while an additional helium reference flow was supplied at a rate of 25 ml/min. When
exhaust gas analysis was to be conducted, the position of the Valco-Valve (Valco Instruments:
Houston USA) was switched and the carrier gas was used to push the exhaust sample from the
sample tube into the GC. Samples were analyzed utilizing a tungsten-rhenium thermal conductivity
detector (TCD), which produced a voltage output signal; Signals from the TCD were recorded
using a NI-6210 DAQ (National Instruments: Austin, USA) and LabView software.
Within Figure 3-12 chromatograms of pertaining to samples of Air and exhaust are compared
using the above mentioned GC setup, the insert shows that the only peaks within either
chromatogram occur before 10 min. When air was sent through the GC, a single peak was observed
at 3.90 min with a width of 1.42 min. Whereas when exhaust gases were sampled while the
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combustion chamber was operating at 𝑉̇ =41.65±0.61 SLPM and equivalence ratio φ=0.90±0.02
with immersed SiC media. The chromatogram pertaining to the exhaust sample exhibits two peaks.
The first peak in the exhaust sample occurs at 4.58 min, and has a width of 2.54min. Whereas the
second peak occurs at 7.23 min and has a width of 2.04 min. From the analysis of the
chromatograms, the GC/TDC/sampling system incorporated to the combustor does function
properly; however, the column does not exhibit the proper selectivity to accurately separate out
the gaseous species of interest.

Figure 3-12: Chromatograms of exhaust samples and air using the GC/TDC/sampling system
incorporated to the heterogeneous combustion chamber.
3.4.Characterization of Selected Substrates
Within this work, 3 substrates: silicon carbide SiC, magnesia stabilized zirconia (MgO-ZrO2,
MSZ), and α-alumina (α-Al2O3) were characterized as promoters of heterogeneous combustion.
All of the substrates utilized a fixed porosity of 10 ppin, a length of 50.4mm and a diameter of
50.0 mm.
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3.4.1.

Silicon Carbide

Within Figure 3-13, an X-ray diffraction pattern, along with SEM micrographs of the SiC media
surface are presented. From analysis of the diffraction pattern, there are many prominent peaks
which have been characterized as one of two materials: either SiC or quartz (SiO2) (Fd3̅m1)
[158].the material contains several polytypes of Silicon carbide [159-162]. It is difficult to
determine the exact phase composition of SiC as the majority of the peaks among the various
polytypes overlap in a non-linear manner. From micrographs within the figure of the SiC surface,
it can be seen that the surface of the SiC is highly contoured showing many surface pores and
surface kinks.

Figure 3-13: (A) XRD pattern of SiC. (B and C) Scanning electron micrographs of SiC.
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3.4.2.

Magnesia Stabilized Zirconia

The X-ray diffraction pattern of powdered MSZ substrate is shown in Figure 3-14 A. Only two
ZrO2 phases, tetragonal (P42/nmc) [163] and monoclinic (P21/c) [164], can be found in this
diffraction pattern. While no other distinct peaks are visible, the presence of some amount of cubic
phase within a mixture of tetragonal and monoclinic phases may not be precluded as tetragonal
and cubic phases exhibit significant overlap of their peaks [163, 165].. It is well known that by
measuring the intensity of the (111) peak of tetragonal phase and (111) and (111̅) peaks of
monoclinic phases of ZrO2 located at 2θ CuKα=30°,31.4° and 28.2°, the amount of tetragonal phase
in the mixture can be estimated [166]. As one can see from Figure 3-14A, the intensity of the (111)
tetragonal peak is very small while intensities of (111) and (111̅) peaks of monoclinic phase is
very high, thus the amount of tetragonal phase in the batch is very small. The calculations using
̅)𝑚
𝐼(111)𝑚 +𝐼(111
,
̅
+𝐼(111
)
+𝐼(111)
𝑚
𝑚
𝑡

𝑋𝑚 = 𝐼(111)

provides an estimate of 93.6 wt% monoclinic for the uncoated MSZ

media. This might be a result of the grinding of the sintered porous material in the mortar to
produce a fine powder to perform X-ray analysis, where the stress induced tetragonal to monoclinic
phase transition was caused by the grinding, thus most of tetragonal phase present in MSZ porous
media transformed into monoclinic phase during grinding. Therefore, the diffraction pattern
presented in Figure 3-14A does not represent the phase composition of MSZ porous media as
received, but it does show that only peaks belonging to two ZrO2 phases were present. The SEM
micrographs of the MSZ surface are shown in Figure 3-14 B and C. As one can see from Figure
3-14 B and C, the twin precipitation or lamellar defects are clearly visible, which are very
characteristic features of MgO partially stabilized ZrO2, as it is only 3 wt% of MgO used for
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stabilizing the tetragonal phase, and therefore both tetragonal and monoclinic phases are present
and co-exist.

Figure 3-14: (A) X-ray diffraction pattern; (B) and (C) SEM micrographs of the surface of the
3 wt% MgO stabilized ZrO2 ceramic.
3.4.3.

Alumina Oxide

From Figure 3-15 an X-ray diffraction pattern, along with SEM micrographs of the α-Al2O3
media surface are presented. From the XRD pattern, it can easily be seen that the composition of
the alumina is phase pure with space group (R3̅C) [167]. From the SEM micrographs within the
figure, it can be seen that the alumina media is a polycrystalline substance with individual particles
on the order of 2 μm.
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Figure 3-15: (A) X-ray diffraction pattern; (B) and (C) SEM micrographs of the surface of the
Al2O3 ceramic.
3.5.Catalyst/Coating Characterization
Following characterization of the catalyst and substrate by XRD, EDS, and SEM techniques,
combustor performance is evaluated with inserted MSZ media with and without GDC coating.
3.5.1.

Ce0.8Gd0.2O1.9

An X-ray diffraction pattern of GDC is shown in Figure 3-16A, where only peaks of the cubic
CeO2 fluorite phase can be seen (Fm3̅m) [168], indicating that the catalyst powder used in the
current experiment is phase pure. SEM micrographs of the GDC powder at two different
magnifications are shown in Figure 3-16 B and C, where one can see that the powder is very fine
with particle size on the order of 0.1-0.2 μm. EDS analysis of the catalyst confirmed the presence
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of only Gd and Ce metals with the peak of C showing due to the composition of the carbon tape
used to mount the powder for analysis.

Figure 3-16: (A) X-ray diffraction pattern; (B) and (C), SEM micrographs and (D) EDS of
Ce0.8Gd0.2O1.9 catalyst powders used for coating the 3 wt% MgO stabilized ZrO2 porous
media.
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An X-ray diffraction pattern of MSZ media coated with GDC powder is shown in Figure 3-17
A. Since only a small amount of GDC powder was present on the surface of MSZ porous media
after dip coating and calcination, X-ray diffraction does not show any GDC as its concentration as
below the detection limit of the instrument. Similarly, to the diffraction pattern of pure MSZ, the
(111) peak of tetragonal ZrO2 had a very low intensity, which was caused by a stress induced
tetragonal to monoclinic phase transition during grinding of ZrO2 porous media. It was estimated
that 94.3 wt% of monoclinic phase was found after grinding. Micrographs of MSZ porous media
surfaces coated with GDC powder is shown in Figure 3-17 B and C. As one can see, the loading
of GDC powder onto surfaces of the MSZ porous media was quite low, as the majority of the ZrO2
surface remains uncoated. It is known that at the loading of about 15 wt%, a monolayer of the
powder should form on the coated surface [118], so it is estimated from SEM micrographs that
less than 5 wt% of GDC powder was applied in the dip coating process. By comparing the size of
GDC particles in the as-received powder (Figure 3-16 B and C) and those deposited on the MSZ
surface (Figure 3-17 B and C) after calcination at 1100 °C for 4 hours twice, one can notice that
no significant growth of the GDC particles occurred as the GDC particles deposited on the surface
are still less than 1 μm in size. The selected area EDS analysis (Figure 3-17 D) from the surface of
the GDC coated MSZ media confirmed the presence of ZrO2 as well as GDC materials. However,
as the EDS analysis does not show the presence of Mg (Figure 3-17 D) it can be concluded that
the composition of the MSZ media is not homogeneous.
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Figure 3-17: (A) X-ray diffraction pattern; (B) and (C) SEM micrographs and (D) EDS
spectrum of the 3 wt% MgO stabilized ZrO2 porous media with Ce0.2Gd0.8Ce1.9 coating.
3.5.2.

La Based Perovskites

From Figure 3-18 through Figure 3-21, X-ray diffraction patterns, SEM micrographs, and EDS
spectra are presented for each of the lanthanum based perovskites evaluated as catalysts and
correspond to LaCoO3, La0.80Ca0.20CoO3, La0.75Sr0.25Cr0.95Ru0.05O3, and La0.75Sr0.25Fe0.95Ru0.05O3,
respectively. From each of the XRD patterns it can be seen that each perovskite is phase pure.
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From the micrographs it can be seen that the catalyst powders are large agglomerations of
individual particles.

Figure 3-18: A) XRD pattern, (B and C) SEM micrographs, and D) EDS spectra of LaCoO3.
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Figure 3-19 A) XRD pattern, (B and C) SEM micrographs, and D) EDS spectra of
La0.80Ca0.20CoO3
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Figure 3-20: A) XRD pattern, (B and C) SEM micrographs, and D) EDS spectra of
La0.75Sr0.25Cr0.95Ru0.05O3.
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Figure 3-21: A) XRD pattern, (B and C) SEM micrographs, and D) EDS spectra of
La0.75Sr0.25Fe0.95Ru0.05O3.
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A representative coating of the perovskites on the substrates is shown in Figure 3-22, which
presents information on the LaCoO3 catalyst coating through multiple means. An XRD pattern
presented in A shows the relative mass fraction of the LaCoO3 catalyst on the surface of the MSZ
media. Within B and C SEM images of the LaCoO3 coated MSZ surface are shown, and in D the
EDS spectra of a selected region within the micrographs. From the figure it can be seen the LaCoO3
coating has a significantly higher mass fraction than the GDC as it is measureable within the
diffraction pattern. However, even with this higher mass fraction of catalyst coating, regions of
GDC and uncoated MSZ can still be seen.

Figure 3-22: A) XRD pattern, (B and C) SEM micrographs, and D) EDS spectra of LaCoO3 on
GDC coated MSZ media.
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3.5.3.

Tungsten Carbide Enhanced Palladium

Pd enhanced WC catalyst particles were prepared using a mechanochemical route [169]. Dip
coating was used to deposit WC-Pd particles onto the surface of partially stabilized MgO-ZrO2
(MSZ) porous media [152, 170]. The catalytically enhanced MSZ porous media was further tested
using a previously developed porous combustor system.
The powdered Pd enhanced WC particles were prepared using mechanochemical route. Pd
metal foils 0.5-0.75 mm thick and 5-10mm in length were milled in a WC grinding vial using WC
balls as a source of WC. Within the vial, impacts of the WC balls acted to reduce the size of the
Pd foils and transform them into small particles, while causing fracturing of the outer grains from
the WC balls. The high energy ball milling was employed using SPEX 8004 ball mill (SPEX
Sample Prep: Metuchen, USA).
Procedures of catalyst particle synthesis is as follows: (1) mixing ascorbic acid (C6H8O6)
(0.100±0.0025g), Pd metal scraps (0.200±0.0035g) and sodium chloride (anhydrous NaCl)
(1.000±0.0060g) into SPEX tungsten carbide (WC) lined grinding vial. Four 12.7mm WC balls
were placed in the vial to be used in the grinding process. The total grinding time was 4 hours;
however, a periodic grinding procedure was used and grinding of the batch took 8 hours, since the
vials shook at 1200 cycles/min for 30 minutes, followed by a 30 minute dormant period to reduce
the temperature of the vial and its contents. In this method, ascorbic acid was used as a stabilizing
agent keeping the Pd particles separate by coating their surfaces and helping to reduce the surface
energy of the Pd. Ascorbic acid also acted as a reducing agent to facilitate the extraction of WC
from the vial, added NaCl to the vial functioned as a diluting agent with virtually no contribution
to the high energy grinding process.
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After milling, the solid product extracted from the vials was a black fine powder of WC-Pd
metal particles with ascorbic acid on the surface coated with a layer of NaCl. Small WC-Pd
particles had a black color due to intensive light scattering. This black powder was further mixed
with deionized water and excited ultrasonically to prepare a proper suspension for dialysis to
remove Na+ and Cl- ions as well as any unbound ascorbic acid. Once the aqueous suspension was
prepared, it was transferred into dialysis tubes, which were placed into a large basin of deionized
water and allowed to sit for 80 hours. Following the dialysis process, the fine powder was separated
from the aqueous solution using a vacuum filtration system where the product was collected using
a polycarbonate nuclepore membrane filter (name of the manufacture, GE). After vacuum filtration
the final product of fine WC-Pd particles coated with the surface passivating layer of ascorbic acid
was placed into a Petri-dish and placed into an oven at 80 °C for four hours to remove any residual
water.
The produced powder was characterized using X-ray diffraction (XRD, PANanalytical
Empyrean, Almelo NL), X-ray Fluorescence (XRF, PANanalytical Epsilon 1, Almelo NL), and
scanning electron microscopy (SEM, Zeiss EVO-10MA, Oberkochen DE) with an energy
dispersive x-ray spectroscopy detector (EDS, IXRF Systems, Austin USA) to determine phase,
chemical composition, and morphology of the powder.
A simple and efficient dip coating method was utilized to deposit catalytically active WC-Pd
particles onto the surfaces of the MSZ porous ceramic media used as a space holder of the flame
in heterogeneous combustion [170]. Commercially available MSZ highly porous ceramic matrix
which is comprised of 97 wt-% ZrO2, 10~20 % cubic phase with the remaining ZrO2 in the
monoclinic phase, and 3 wt% MgO was used as a media to support the combustion reactions [152].
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The MSZ media had a porosity of 10 pores per inch (ppin) with a length of 50.4mm and a diameter
of 50.0mm. Before dip coating, the whole media is immersed in anultrasonically excited acetone
bath followed by a drying process to remove any organic residue and debris from the media surface
which would compromise the catalyst coating process. A suspension of approximately 1g WC-Pd
powder was mixed with 200 ml deionized water under ultrasonic excitation and the MSZ porous
media was immersed into the WC-Pd in water suspension for 15 seconds. To achieve an even
distribution of WC-Pd particles on the surface of ceramic matrix, the immersion process was
repeated 20 times, between each immersion the media was allowed to drip dry in air for about 2
minutes after each immersion in the catalyst suspension. Such repeated immersion of ceramic
media into suspension of WC-Pd particles in water ensured the consistent and homogeneous color
of the media, which would not change after consequent last 5 immersions. In Figure 3-23, a
comparison of the MSZ before and after catalyst coating is presented.
A photograph comparing the coated and uncoated MSZ media with Pd enhanced WC catalyst
is shown in Figure 3-23.

Figure 3-23 (A) Uncoated MgO-ZrO2 media. (B) Pd enhanced WC coated MgO ZrO2 media.
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A scanning electron micrograph of the WC-Pd fine particles assembled into a significantly
larger agglomerate is shown in Figure 3-24. As one can see from Figure 3-24, the size of the
individual particles is between 0.2 and 0.3 μm which comprise an agglomerate on the order of 100
μm. An EDS analysis performed on the surface of the agglomerate shows the presence of W as a
major element supplemented by Co, O, and C; as WC alloy consist of WC particles bound in a
matrix of metallic Co. In addition to W, C, O, and Co; Pd was also detected in the batch as
expected.

Figure 3-24: (A) SEM SE micrograph of WC-PD catalyst powder showing detail of crystallite
surface and location of EDS. (B) Selected area EDS of WC-Pd catalyst powder.
An X-ray diffraction pattern of the synthesized WC-Pd powder is shown in Figure 3-25Figure
3-24. While major peaks of the pattern were identified as belonging to WC (P6̅m2) [171], the minor
and much weaker peaks were identified as belonging to Co3O4 (F-43m) [172], PdO (P42/mmc)
[173] and Pd (Fm3̅m) [174]. XRF analysis of the chemical composition of the powder revealed
that WC and Pd provides more than 95 wt% of the total quantities, with such impurities as P, Cl,
C, Ge and Hf providing the rest. The quantity of major elements were as follows: W-83.7 wt-%,
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Co-5.5 wt-%, and Pd – 6.0 wt-%. It is of note that this particular XRF instrument is unable to
accurately characterize concentrations of elements lighter than sodium.

Figure 3-25: X-Ray Diffraction pattern of the WC-Pd catalyst powder.
Within Figure 3-26, secondary electron and back scattered micrographs are presented which show
the surface morphology and Z contrast of the Pd enhanced WC coating on the surface of the MSZ
media along with an EDS of the area within the micrograph.

Figure 3-26: Scanning electron micrographs of the surface of MgO-ZrO2 porous media coated
with WC-Pd. (A) secondary electron and (B) back scattered detector micrograph. (C) EDS of
the region of surface depicted in the micrographs.
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3.5.4.

Zirconium Diboride

ZrB2 powders were milled using a procedure described elsewhere [175] to reduce the particle
size of the as received powders. These powders were characterized via XRD, SEM, and EDS
techniques. Such information is presented in Figure 3-27. From the micrographs, it can be seen
that individual crystals are on the order of 2 microns with many abruptly terminating surfaces.

Figure 3-27: (A) BSD Electron micrograph image of catalyst coated surface, with selected area
EDS shown. (B) Close up BSD electron micrograph of EDS region. (C) BSD micrograph of
EDS region. (D) SE micrograph of EDS region.
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From within Figure 3-28, SEM micrographs reveal the coated surface of the ZrB2 catalyst on
the MSZ media. The corresponding EDS in the figure shows the presence of Mg and Zr atoms, B
is unrecognizable by the detector.

Figure 3-28: (A and B) SE Electron micrograph image of the ZrB2 catalyst coated MSZ media
surface, with selected area EDS shown. (C) EDS spectra of regions within micrographs.
3.6.Summary
A heterogeneous combustor was designed and developed allowing for the utilization of
different highly porous ceramic media to house and regulate a flame. A unique combustor design
enables control of the flame position within the porous media by regulating reactant flow rates,
unlike in all other combustors presented in the literature thus far, where the only way to keep the
flame inside the porous media was by employing flow-conditioning devices to prevent the flame
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from moving outside of the porous media. The heterogeneous combustor system within this work
consists of the combustor chamber, reactant storage and metering system, the reactant delivery
nozzle as well as exhaust sampling port through which the gases can be tested using an externally
connected gas chromatograph. In order to collect the relevant data needed to perform analysis of
how the combustor operates, several instrumentation methods were incorporated into the
experimental setup, such as (i) temperature measurements by thermocouples, (ii) acoustic
emissions measurements by a microphone, (iii) optical imaging using CCD camera, and (iv)
analysis of exhaust gas composition using a gas chromatograph with a thermal conductivity
detector.
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4. EXPRIMENTAL OBSERVATIONS
4.1. Introduction
Within this research topic the heterogeneous combustor designed and presented in chapter 3
was operated as the environmental chamber to evaluate heterogeneous catalyst coated onto MSZ
media. To present the results herein, the combustion chamber was operated for a total of nearly
500 hours without the need to replace any components. Experimental results obtained using αAl2O3 media are presented in Table 4-1. Within the table a list of reactant flow rates and
equivalence ratios are presented these reactant flow rates and equivalence ratios are maintained
for all of the different experiments performed within the given tolerances.
Table 4-1: Experimental results obtained using the developed heterogeneous combustor,
where the maximum measured temperature and equivalence ratio along with total, air and
methane flow rates are presented as a function of time when the data points were collected
with an α-Al2O3 immersed media.
t (min)
Tmax (°C)
φ±0.02
𝑽̇ (SLPM)
𝑽̇𝒂𝒊𝒓 (SLPM) 𝑽̇𝑪𝑯𝟒 (SLPM)
S.S.
1.00
27.15±0.61
24.57
2.58
No
0.0
279.7±3.2
1.00
27.15±0.61
24.57
2.58
No
4.2
630.6±5.2
0.80
51.59±0.61
47.56
4.00
No
23.5
728.8±5.9
0.75
51.31±0.61
47.56
3.75
Yes
90.0
723.2±5.9
0.73
51.21±0.61
47.56
3.65
Yes
100.4
713.7±5.8
0.71
51.11±0.61
47.56
3.55
Yes
119.6
704.4±5.7
0.69
51.01±0.61
47.56
3.45
Yes
129.7
692.7±5.7
0.67
50.91±0.61
47.56
3.35
Yes
143.5
678.9±5.6
0.65
50.81±0.61
47.56
3.25
Yes
163.4
665.0±5.5
0.63
50.71±0.61
47.56
3.15
Yes
185.5
651.8±5.4
0.61
50.61±0.61
47.56
3.05
Yes
206.4
638.4±5.3
0.59
50.51±0.61
47.56
2.95
Yes
228.4
626.3±5.2
0.57
50.41±0.61
47.56
2.85
Yes
257.4
617.2±5.1
0.55
50.31±0.61
47.56
2.75
Yes
272.7
601.6±5.0
0.53
50.21±0.61
47.56
2.65
Yes
294.2
536.9±4.6
0.51
50.11±0.61
47.56
2.55
Yes
369.2
313.7±3.3
0.49
50.01±0.61
47.56
2.45
Yes
449.0
256.7±3.0
0.47
49.92±0.61
47.56
2.36
No
459.8
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While operating the combustor at lower equivalence ratios, there is a severe instrumentation
limit and it becomes difficult to distinguish the presence of a flame and therefore it is difficult to
directly measure the lower light-off temperatures of the catalyst at these prescribed flow rates. It
is apparent that temperatures recorded are well below the adiabatic flame temperatures for
mixtures at these equivalence ratios and thus it is my belief that even while the combustor was
operating near the lean limit, a significant fraction of methane was not oxidized. While it may be
possible to utilize the catalyst and substrates combinations at lower equivalence ratios than what
is tested here, additional instrumentation is needed.
4.2. Observations of the Combustor Using Al2O3 Media
A typical time dependent temperature distribution within the combustion chamber measured
over the course of the entire experiment as a function of equivalence ratio is shown in Figure 4-1.
Results presented in Figure 4-1 can be broken into three stages: (i) ignition; (ii) heating up; and
(iii) fuel flow rate/equivalence ratio reduction. Ignition, which occurs at 30 seconds into the
experiment, is followed by the heating up stage, which takes ~18.6 minutes following the ignition
event. The remainder of the experiment was conducted under increasingly lean conditions to
determine the lowest possible equivalence ratio, where the flame is still stable for the given media
composition, dimensions, porosity, and external heat loss. Both axial temperature measurement of
the combustion chamber and acoustic profiles are utilized to confirm the existence of a stable
flame. As one can see from Figure 4-1, the lowest possible lean limit of the stable flame was
observed at φ=0.49±0.02 since a subsequent decrease in equivalence to φ =0.47±0.02 induces a
rapid decrease in the temperature across the combustion chamber, until the minimum necessary
reaction rates for combustion could not be sustained.
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Figure 4-1: Time evolution of selected thermocouples, shown with steady state burning
delineations at each equivalence ratio.
At the beginning of the experiment, a mixture of air and methane with φ=1.00±0.02 and total
flow rate of 𝑉̇ =27.15±0.61 SLPM was passed through the combustion chamber from the inlet. A
pilot flame was inserted into the combustor exhaust, which ignited the gaseous mixture (Figure
4-2 A-1). Once ignited the laminar flame speed of the stoichiometric mixture would exceed the
total reactant flow rate, causing the flame front to propagate from the exhaust side of the
combustion chamber toward the inlet, Figure 4-2 A-2; until the flame is finally settled between the
porous media and reactant inlet (Figure 4-2 A-3). While the flame is transient immediately
following ignition, temperatures observed within the combustion chamber are highly chaotic,
fluctuating as the flame moves (Figure 4-2 B); simultaneously during this period no acoustic signal
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between 200 and 500 Hz observed (Figure 4-2 C). Once the flame reaches a stable position
between the porous media and combustion chamber inlet, the first acoustic emission signal at 4.1
minutes is observed featuring a high amplitude peak at 318.6 Hz, and is loud enough that the noise
can easily be recognized by the human ear.
When the acoustic signal at 318.6 Hz appeared at 4.1 minutes into the experiment, the air and
methane flow rates are quickly increased within 30~60 seconds to the total flow rate of
𝑉̇ =51.59±0.61 SLPM while simultaneously reducing the equivalence ratio to φ=0.80±0.02,
causing the flame to propagate into the combustion media Figure 4-2 A-4. Such a rapid change in
the reactant delivery is performed in order to prevent damage to the combustion chamber by
standing acoustic waves [176]. These waves, which are composed of many simultaneous modes
or unique oscillations, can exist with a stable spatial structure producing a distinct acoustic
emission which is a linear combination of each individual mode [177]. It is also possible that, if
sufficient intensity of a given mode pertaining to chemical reaction waves are present, then, a selfexcitation of additional acoustic modes can occur [10, 178]. In conventional combustors,
excitations of certain acoustic modes can lead to sub-optimal combustor performance and damage
to the combustion chamber; in the case of heterogeneous combustors, an additional concern is the
possibility of acoustic pressure variations fracturing the porous ceramic immersed within the
combustion chamber [179].
The acoustic emission signal recorded at 8.8 min (Figure 4-2 C) when φ=0.80±0.02 and the
total flow rate was 𝑉̇ =51.59±0.61 SLPM shows two prominent peaks centered at 348.1 Hz and
380.9Hz with two substantially weaker peaks between [200Hz, 245Hz] and [269Hz, 330Hz]
indicating the flame location is now submerged within the span of the porous media inside the
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combustion chamber. Similarly, confirmation of the flame location can be made via the
temperature profiles in Figure 4-2 B when temperatures measured by thermocouples TC1 and TC2
show rapid increase, and obviously these temperatures are the highest ones within the combustion
chamber across that time period. It should be noted, that as time progresses from 8.8 min to 19.3
min with no changes being made to the total reactant flow rate or equivalence ratio, that the
intensity and symmetry of the 364.8 Hz peak increases. This flow rate is maintained up to 23.5
minutes of the experiment, when a further decrease in the methane flow rate is made, bringing the
equivalence ratio to φ=0.75±0.02.

Figure 4-2: (A) Flame at various positions within the combustion chamber shortly after
ignition. (B) Time evolution of selected thermocouples during ignition and warm up. (C)
Acoustic profiles at selected times.
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Within the presented experimental work the longest period of time required for the temperature
to reach a steady state is when the equivalence ratio was instantaneously changed from
φ=0.51±0.02 to φ=0.49±0.02, with φ=0.49±0.02 being the lowest equivalence ratio which
maintained a stable flame within the experimental combustor using an α-Al2O3 porous media.
These results obtained during the last 83 minutes of the experiment are presented in Figure 4-3.
As one can see from Figure 4-3 all five thermocouples located along the combustion chamber
showed almost no change in temperature for a short period, about 2.5 minutes, at the beginning of
this stage this quasi-isothermal period was followed by another short period of time, 4.9 minutes,
in which temperatures increased, as measured by thermocouples TC3 and TC4 located toward the
exhaust, while temperatures decreased, as measured by thermocouples TC0, TC1, and TC2 located
closer to the c inlet of the combustion chamber. Such fluctuation in temperature distribution
indicates that the flame front moves rapidly toward the exhaust. Following the rapid repositioning
of the flame, while the equivalence was φ=0.49±0.02, the temperatures measured by
thermocouples TC1, TC2, and TC3 become increasingly uniform indicating that the intensity of
the flame becomes nearly constant through the length of the porous media. Following this flame
redistribution, a continued gradual temperature decrease is observed at all of the thermocouples
until a steady state is finally achieved at 449.0 minutes.
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Figure 4-3: A) Time evolution of selected thermocouples within the combustion chamber
between the achieved steady state at φ=0.51 to φ=0.49, vertical lines on the plot indicate when
acoustic profiles were recorded. B) Acoustic profiles recorded at various times as the
combustor approaches steady state following the φ=0.51 to φ=0.49 transition.
Correlation can be found between changes in temperature measurements, via axial
thermocouples, and the corresponding acoustic emission collected simultaneously by the
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microphone during this segment of the experiment. At 368.2 minutes, while the equivalence ratio
was φ=0.51±0.02, just prior to being lowered to φ=0.49±0.02, two very weak and diffuse peaks
which were detected in the acoustic emission spectrum. One very broad peak centered at 340.4 Hz
and a second peak centered at 384.2 Hz of significantly lower intensity (Figure 4-3 B). However,
once the equivalence ratio was decreased to φ=0.49±0.02 at 369.2 minutes of the experiment, these
two peaks in the acoustic spectra disappeared for the following recordings taken at 369.2 to 374.2
minutes, which occurred during the time coinciding with quasi-isothermal behavior and
subsequent flame propagation (Figure 4-3). Such absence of an acoustic signal over this spectral
range was also observed shortly after ignition, while the flame was propagating toward the inlet
(Figure 4-2 C) indicating movement or elongation of the flame, which could be characterized by
the absence of sound in this spectral range. For the rest of the acoustic measurements, starting from
377.3 minutes, a monotonic decrease in amplitude and shift of peak position to lower frequencies
was observed until the steady state was reached at 449.0 min (14).
The time dependent temperature profiles and their more detailed analysis were presented in
Figure 4-2, but it is also convenient to analyze axial temperature profiles at different steady states,
which correspond to different equivalence ratios. Such axial temperature profiles shown along
with the length of the combustion chamber are shown in Figure 4-4, where once can see that the
highest temperature of 725.1±5.9 °C measured at the location within porous media most closely
located toward inlet of the combustion chamber was achieved during the combustion of the
mixture at φ=0.75±0.02. As one can see from Figure 4-4, each reduction of equivalence ratio
induces a corresponding decrease in temperatures along the whole length of the combustion
chamber. When the equivalence ratio ranges between φ=0.75±0.02 to φ=0.59±0.02 the reduction
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in temperature along the combustion chamber is almost directly proportional to the reduction in
the equivalence ratio.

Figure 4-4: Observed temperature profiles across the combustion chamber at given
equivalence ratios.
The corresponding acoustic profiles for each steady state are presented in Figure 4-5. As one
can see from Figure 4-5, acoustic emissions within the 200 and 500 Hz spectrum can be separated
intwo four distinct peaks, which are more predominantly visible at higher equivalence ratios.
Additionally, at equivalence ratios above φ≥0.67±0.02, a 4th broad and low amplitude peak is
present below 250 Hz. With decreases in equivalence, the intensity of the highest frequency peak,
centered at 386.4 Hz at φ =0.75±0.02, decreases monotonically shifting, at the same time, toward
lower frequencies and has negligible intensity at φ =0.51±0.02. Of the other two peaks at 349.0
Hz and the broad and low intensity peak at 296.6 Hz; the one centered at 349.0 Hz at φ =0.75±0.02
is present across all equivalence ratios to the lowest observed stable equivalence ratio, φ
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=0.49±0.02. Upon reducing the equivalence ratio, the peak at 296.6 Hz becomes increasingly
diffuse. Across the presented shifts in equivalence ratios, the amplitude of peaks in the given
frequencies range decreases and the peak position shifts toward lower frequencies with reduction
in equivalence ratios. For a heterogeneous combustion chamber operating at steady state using an
α-Al2O3 media at steady state, characterization of such acoustic peaks produced by heterogeneous
combustion may give insight on dramatic shifts in the temperature distributions within the
combustion chamber, particularly at the lower equivalence ratios φ =0.53±0.02 through φ
=0.49±0.02 which exhibit the most pronounced changes in performance.

Figure 4-5: Acoustic profiles corresponding to the equivalence ratios presented.
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However, when changing the equivalence ratio from φ=0.59±0.02 to φ=0.57±0.02 temperature
distributions between the combustion chamber inlet and TC1 (44.1 mm) change, as the temperature
profile across this span shifts toward lower temperatures it can be assumed that the ignition
location of the flame tends closer to the exhaust. As one can see from Figure 4-4, a significant
change in combustor performance occurs at equivalence ratios below φ=0.53±0.02, as lowering
the equivalence ratio beyond φ=0.53±0.02, produces increasingly dramatic temperature
reductions.
For all temperature measurements, the temperature reported at locations where porous ceramic
media is placed, revealed that the variation of temperature across the span of the media is small
compared to the maximum temperature within the combustion chamber, be it at φ =0.75±0.02 or
φ =0.49±0.02; and thus, the temperature distribution of the media may be treated as isothermal
which is in agreement with analytical models [39]. This isothermal temperature distribution is
indicative of the presence of the flame through the entire length of the ceramic media. This is
especially visible for the lowest equivalence ratios, where the temperature profile along the length
coinciding with the porous media is flat indicating that the flame is diffuse through the entire length
of the combustion media.
Photographs of the exhaust port of the combustion chamber taken at steady state operation
corresponding to different equivalence ratios are shown in Figure 4-6. As one can see from Figure
4-6, at each equivalence ratio a distinct change in the radiative emissions is clearly visible, where
a radiative emissions occur because of light emitted from within combustion chamber from both
the porous media and gas phase. Across the probed range of equivalence ratios, a monotonic
decrease in the intensity of the emission is recorded. At the higher equivalence ratios
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0.67±0.02≤φ≤0.75±0.02, the entire area of porous media visible through the exhaust has the same
color where none of the porous media structure is discernable. In some areas a decrease in the
intensity of glowing light from the area immediately surrounding the walls of the exhaust opening
can be also seen. At equivalence ratios below φ =0.65±0.02 an increasing portion of the porous
media’s area becomes discernable, until the majority of the media’s structure becomes visible at
φ=0.51±0.02. At φ=0.49±0.02 the flame is still active, however the radiative emissions are already
below the detectable limits by the CCD camera.

Figure 4-6: Images of the combustion chamber exit plane at given equivalence ratios.
4.3.Catalyst/Substrate Performance Characterization
4.3.1.

Thermal Performance Overview

Within this study several catalyst and substrate combinations were evaluated, average axial
temperature profiles of the experiments are presented in Figure 4-7. As it was found MSZ provided
the highest combustion chamber temperatures at lower equivalence ratio, MSZ was used as the
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substrate for a catalyst application. Regardless of catalyst or media composition, at higher
equivalence ratios the temperature profiles of all evaluated catalysts fall within a 100°C range of
each other and thus, it can be assumed that the majority of the chemical reactions occurring within
the combustion chamber do so within the gas phase.

Figure 4-7:Axial temperature profiles of the catalyst and substrate combinations are presented
for selected equivalence ratios.
It is not until equivalence ratios are lowered, near the lean limit that catalyst effectiveness can
be truly evaluated as at these equivalence ratios temperatures are lower and the gas phase activation
energy barrier is to large. Within Figure 4-8, temperature profiles of combustion under various
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catalyst are presented. Of the selected catalysts, LaCoO3 enabled the highest temperatures at the
low equivalence ratio of φ=0.47±0.02. Ce0.8Gd0.2O1.9 provided the second highest temperature at
a significantly lower catalyst mass loading fraction. Strangely enough, the application of some
catalysts actually lowered the maximum temperatures within the combustion chamber compared
to the uncoated media. The catalysts which performed worse than the uncoated media at
φ=0.47±0.02 were La0.75Sr0.25Fe0.95Ru0.05O3, ZrB2, La0.80Ca0.20CoO3, and Pd enhanced WC.

Figure 4-8: Axial temperature profiles at φ=0.47±0.02 for the MSZ media and catalysts coated
onto the MSZ substrate.
4.3.2.

Substrate Performance Overview

Three substrates were evaluated for performance in the heterogeneous combustion chamber αAl2O3, MSZ, and SiC media and the steady state temperature profiles at various equivalence ratios
for a fixed are flow rate are presented in Figure 4-9. All of the media follow a similar trend, of a
linear decrease in maximum temperature followed by a sudden drop at low equivalence ratio,
though when such decrease in maximum temperature is substrate dependent. Of the three media
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types, from φ=0.75±0.02 to φ=0.55±0.02 SiC maintained the highest temperature profile across
the combustion chamber. However, at φ=0.53±0.02, some change occurs in the flame structure
and the temperature of the flame supported by the SiC media decreases suddenly, such changes
are not observed in MSZ and Al2O3 until φ=0.49±0.02. maximum temperatures within the
combustion chamber and the temperature at the last axial combustion chamber thermocouple can
be seen in Table 4-2 and Table 4-3, respectively.

Figure 4-9: Axial temperature profiles of the selected substrates at various equivalence ratios.
Table 4-2: Maximum temperatures, Tmax±6.5°C, observed within the combustion chamber
with selected substrates at various equivalence ratios.
φ±0.02
0.75
0.71
0.67
0.63
0.59
0.55
0.53
0.51
0.49
0.47
SiC
804.1 780.4 754.6 725.3 699.6 674.8 636.3 392.3 Al2O3

728.8

713.7

692.7

665.0

638.4

601.6

601.6

541.6

319.3

-

MSZ

762.6

744.2

715.0

683.0

656.4

631.6

615.3

580.4

339.6

247.0
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Table 4-3: Maximum temperatures, Texh±4.7°C, observed within the combustion chamber
with selected substrates at various equivalence ratios.
φ±0.02
0.75
0.71
0.67
0.63
0.59
0.55
0.53
0.51
0.49
0.47
SiC
550.0 535.0 518.0 499.9 479.2 460.5 432.3 260.0 Al2O3

552.1

516.3

502.4

481.6

463.9

446.2

436.4

397.6

234.9

-

MSZ

531.5

527.4

507.8

488.9

471.1

452.7

441.2

420.4

238.3

188.4

At each steady state of flow rate and equivalence ratio, the acoustic signal was collected from
the instrumentation setup as described in chapter 3, such acoustic signals for each substrate are
presented in Figure 4-10. Regardless of the composition of the media, there is a similar structure
to the frequency distribution of the acoustic peaks over the spectral range of 200 to 500 Hz,
exhibiting a 4 peak acoustic signature and as the equivalence ratio is reduced there is a shift toward
lower frequency. Additionally, as the equivalence ratios are reduced, peaks (2) and (3) coalesce
into a single continuous peak (2’) the equivalence ratio of when this happens is dependent upon
the composition of the porous media. However, while the existence of noise over this spectral
range there are profound differences which may also be observed.

Figure 4-10: Acoustic profiles over the range of steady states pertaining to the selected
substrates.
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Examining the equivalence ratio of the three substrates at the equivalence ratio φ=0.75±0.02
presented in Figure 4-11 such differences between the acoustic spectra for the substrates may be
observed. The most prominent difference between the acoustic spectra can be observed in the SiC
substrate as there is one continuous peak (2’) as opposed to peak (2) and (3) which are exhibited
by the Al2O3 and MSZ media. Other differences which may be observed are the relative intensities
of peak (3), or in the case of SiC (2’), to the other peaks (1), (2), and (4). In the acoustic spectra
corresponding to MSZ, peak (3) exhibits nearly 2x the intensity of (4) and significantly more than
either (1) or (2). Conversely in the spectra pertaining to the Al2O3 media, peak (4) actually exhibits
a higher intensity than any of the other peaks.

Figure 4-11: Equivalence ratio pertaining to operation of the combustion chamber with various
substrates at the equivalence ratio of φ=0.75±0.02
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Acoustic spectra of the operation of the combustion chamber at φ=0.53±0.02 is presented in
Figure 4-12. At this equivalence ratio, all of the acoustic spectra regardless of media composition
exhibit peaks significantly lower than at φ=0.75±0.02. Additionally, peaks (1) in each of the
spectra have entirely decayed, similarly peak (4) have decayed entirely for SiC and MSZ.

Figure 4-12: Equivalence ratio pertaining to operation of the combustion chamber with various
substrates at the equivalence ratio of φ=0.53±0.02
Radiative emissions within the visible spectrum from the evaluated substrates are presented in
Figure 4-13 at various steady states corresponding to the equivalence ratios φ=0.75±0.02,
φ=0.53±0.02, and φ=0.51±0.02. Immediately it could be observed that the emissions from the
substrates are different colors, where the Al2O3 media is yellow, the MSZ media is pink, and the
SiC media is violet at φ=0.75±0.02 such color change is a result of the spectral emissivity of the
substrate, distribution of the flame within the combustion chamber and the temperature of the solid
phase. It could also be observed that regardless of media composition the intensity of the light
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emitted from the combustor exhaust decreases as does the position of the flame within the
combustion chamber. At φ=0.53±0.02, the media is visible for both the SiC media and the Al2O3
media, such media being visible indicates that the flame is contained within the porous media
entirely and is actually submerged. However at this equivalence ratio the MSZ media is still only
white. Further reduction of equivalence ratio to At φ=0.51±0.02 causes the radiative emission from
the SiC media to be undetectable by the detector. Similarly the intensity of the radiative emissions
from flames supported by the MSZ and Al2O3 media decrease.

Figure 4-13: Photographs of radiative emissions of the porous media through the combustion
chamber exhaust.
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4.3.3.

Ce0.8Gd0.2O1.9 Catalyst Performance

Performance of the GDC coated MSZ media was surprisingly high given its low loading
fraction. During warmup the maximum heating rate of the GDC was found to be 34.9±6.2°C/min
at φ=0.80±0.02 𝑉̇ =51.59±0.61 SLPM, versus a rate of 24.0±6.2°C/min for the uncoated MSZ.
Steady state axial temperature profiles at various equivalence ratios are presented in Figure 4-14.
When GDC is present, temperatures are significantly higher across the range of probed
equivalence ratios. In addition to the heightened temperatures, there are secondary temperature
increases within the combustion chamber following the maximum temperature observed at
44.1mm (TC1) at 57.9mm and 85.4mm (TC3), across the range of equivalence ratios φ=0.75±0.02
to φ=0.59±0.02, which indicate a staged combustion process through the porous media. As the
equivalence ratio is lowered to φ=0.51±0.02, the temperature increase at 44.1 mm becomes less
pronounced, however at 57.9mm, and 85.4mm (TC3) the temperatures are still significantly higher
than other parts of the porous media. Subsequent equivalence ratio reductions to φ=0.49±0.02
reduce the magnitude of the two temperature increases and by φ=0.47±0.02 the porous media is
nearly isothermal. The lowest possible equivalence ratio achieved when GDC enhancement was
present was equal to φ=0.45±0.02, which was not possible to achieve for MSZ without
enhancement experiment. From the performed experiments one can conclude that the inclusion of
GDC causes a significantly more complex flame structure.
𝜕𝑇

Operating at φ=0.45±0.02 with GDC catalyst present on the MSZ porous media, both 𝜕𝑥
𝜕2 𝑇
𝜕𝑥 2 φ,𝑉̇

φ,𝑉̇

and

become positive over the axis of the combustion chamber; indicating the combustor is

operating in a different mode from all other observed behavior. In this second observed mode, low
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temperature chemical reactions, which are assumed to occur primarily on the catalyst surface,
enabling some small quantity of heat to be released. The released heat causes an increase in the
𝜕𝑇

axial temperature profile (𝜕𝑥

φ,𝑉̇

) from the inlet to outlet of the combustion chamber, while also

increasing the concentration of combustion intermediates facilitating further reactions, which
𝜕2 𝑇

causes an increase in the axial heat release rate over the combustion chamber length (𝜕𝑥 2

φ,𝑉̇

). It is

not until gasses are discharged from the porous media that there is a sufficient quantity of free
radicals and combustion intermediates with sufficient energy to undergo spontaneous chemical
reactions and form a flame. Such flame location outside of the porous media is supported by the
data obtained by the optical characterization.

Figure 4-14: Photographs of radiative emissions of the porous media through the combustion
chamber exhaust.
Asdasdasd
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As with the uncoated Al2O3 media, similar patterns can be seen with photographic imaging of
the GDC coated MSZ media within the combustion chamber, as the equivalence ratio is reduced
from φ=0.75±0.02 the intensity of the emitted light is reduced. However, unlike the Al2O3 media
at φ=0.49±0.02 the combustion chamber is still hot enough to enable visible radiative emissions.
Upon subsequent reduction of equivalence ratio to φ=0.47±0.02 however, the temperature of the
porous media within the combustion chamber is too low to enable sufficient radiative emissions
within the visible spectrum. At φ=0.45±0.02 the flame, as the blue luminous region can be directly
observed indicating that at this equivalence ratio and under this catalyst, the combustor is operating
while the flame is not submerged.

Figure 4-15: Photographs of radiative emissions of the porous media through the combustion
chamber exhaust.
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4.3.4.

LaCoO3 Catalyst Performance

Within Figure 4-16, the axial temperature profiles of the combustion chamber are presented. At
the equivalence ratio φ=0.75±0.02 temperatures recorded between TC0 (0.0 mm) and the
thermocouple at 30.3 mm are nearly isothermal, followed by a linear temperature increase until
TC1 (44.1 mm). Such isothermal behavior across the first 30.3 mm of the combustion chamber is
indicative of a particularly strong azimuthal swirl effect and recirculation within the entry region
[180]. Formation and stabilization of such a region can be driven by heat release rates exciting
characteristic recirculation within the combustion chamber [178].

Figure 4-16: Axial temperature profile of the combustion chamber containing MSZ media
coated with LaCoO3.
Within the span of the porous media at the equivalence ratio of φ=0.75±0.02, temperatures
recorded at 44.1mm (TC1) are the highest and temperatures decrease through the combustion
chamber moving toward to the exhaust. However, there are secondary temperature increases across
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the span of porous media at 57.9mm and 85.4mm (TC3), across the range of equivalence ratios
φ=0.75±0.02 to φ=0.49±0.02, which indicate a staged combustion process through the porous
media; such staged combustion process was also observed, and even more pronounced, when only
the GDC coating was present on the surface of the MSZ media [181]. It is possible that the
relatively large temperature decrease between 57.9mm and 85.4mm (TC3) while the combustion
chamber is operating at φ=0.75±0.02 is due to the rapid transformation of reactant gasses to
equilibrium concentrations of combustion byproducts by 57.9mm, disallowing the release of heat
until the temperature is low enough at 78.5mm to enable a shift in the equilibrium concentration
of CO and other quasi stable combustion intermediates to CO2, with sufficiently high reaction rates
which enables the release of additional heat over a finite span. Following the porous media, the
temperature of exhaust gasses rapidly decay, at a near constant rate

𝜕𝑇
𝜕𝑥 φ,𝑉̇

≈7.3±6.8 °C/mm, over

the span of 85.4 mm to 112.9 mm indicating heat release rates over this segment of the combustion
chamber are significantly lower than rates of heat loss.
As equivalence ratios within the combustion chamber decrease, there is a quasi-linear decrease
in maximum temperatures, average temperatures, and temperature at 112.9 mm between
φ=0.75±0.02 until φ=0.49±0.02. Over this range of equivalence ratio shifts, the temperature
difference between 44.1mm (TC1) and 57.9mm becomes less pronounced where at φ=0.75±0.02
ΔT57.9~44.1=5.4±9.1°C and at φ=0.49±0.02 ΔT57.9~44.1=-5.5±7.1°C. Such behavior is to be expected
as the decrease in local temperatures over this range significantly reduce the maximum permissible
rate of combustion byproduct formation.
Following the equivalence ratio reduction to φ=0.47±0.02 there is a dramatic decrease in
average combustion chamber temperatures, approximately 257.8±6.3°C. It is expected that at this
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dramatically reduced temperature range, the effect of surface facilitated chemical reactions
becomes the primary pathway by which reactants are recombined into products. With this shift in
temperature, the magnitude of the temperature variations over this range also significantly
decrease. A subsequent reduction in equivalence ratio to φ=0.45±0.02 produces a nearly uniform
temperature profile over the span of the combustion chamber and the temperature increases which
were previously observed at 44.1 (TC1), 57.9mm and 85.4mm (TC3) become non-existent and
instead the maximum temperature observed within the combustion chamber is located at 57.9
(TC2). Additionally, by examination of the temperature difference between 0.0mm (TC0) and
30.33 mm at φ=0.45±0.02, it may be assumed that there is a significant shift in the structure of the
recirculation within the combustion chamber.
Within Figure 4-17, both photographs of the porous media visible through the exhaust at steady
state corresponding to selected equivalence ratios (Figure 4-17 A through H) and acoustic spectra
of exhaust emissions at all of the observed equivalence ratio steady states (Figure 4-17K) are
presented. Across equivalence ratios φ=0.75±0.02 to φ=0.69±0.02, there is nearly no
distinguishable difference in the radiative emissions in the visible spectrum observed through the
exhaust with the exception of reduced glow surrounding the walls of the exhaust. At φ=0.63±0.02
a small region of pink becomes visible, which is indicative of cooling. A larger pink region is made
visible at the equivalence ratio φ=0.57±0.02 and the color coinciding with this feature shifts from
pink to a more purplish hue. At the equivalence ratio φ=0.53±0.02 there is a near symmetric region
around the outer visible span of the porous media which reveals some features. As equivalence
ratio is reduced to φ=0.49±0.02, the majority of the exhaust pane of the porous media is visible
and from the photo it can be determined that there is a near uniform intensity of the flame about
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the azimuthal direction though simultaneously, as there is a small region which reveals no
distinguishable features, it can be confirmed that there is a strong radial dependence of the flame.
The subsequent equivalence reduction to φ=0.47±0.02 reveals only an extremely faint blue region
and by φ=0.45±0.02 the temperature of the porous solid at the exit is below a temperature which
enables sufficient emission of radiative thermal energy in the visible spectrum.

Figure 4-17: Acoustic and optical characterization of the exhaust emissions while LaCoO3
coated MSZ media was immersed in the combustion chamber.
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Within Figure 4-17, acoustic profiles at all of the steady state equivalence ratios between
φ=0.75±0.02 and φ=0.45±0.02 are presented. These acoustic spectra are subdivided into 4 other
peaks as was done in previous works considering this combustion chamber [180-184]: peak (1)
coincides with frequencies between 200 Hz and 270Hz, peak (2) coincides with the peak between
270Hz and 330Hz, peak (3) which is the highest amplitude peak at φ=0.57±0.02 may be observed
between 330 Hz and 370 Hz, peak (4) is present at frequencies above X and below X. Within these
spectra, the majority of the observed signal is present across peaks (2) and (3) with peak (1) and
(4) having lesser amplitudes. As with the other evaluated media, peaks (1) and (4) both decrease
in amplitude significantly faster than peaks (2) and (3) [180-184]. Furthermore, at equivalence
ratios below φ=0.55±0.02, peaks (2) and (3) become indistinguishable and the conjoined peak is
referred to as peak (2’).
4.3.5.

Pd-WC Catalyst Performance

As one can see from Figure 4-18, axial temperature distributions within the combustion
chamber are the highest within the span of the porous media across all of the observed steady states
at each equivalence ratio and flow rate combination. For all 0.53±0.02≤φ≤0.75±0.02 the highest
temperature within the combustion chamber was measured at 44.1 mm (TC1) at the location near
the entry but still inside of the porous MSZ media. Temperatures recorded within the combustion
chamber between 85.4 and 112.9 mm (TC3 and TC4), after the porous media, exhibit a rapid drop
in temperature indicating that the rate of heat release within this part of the combustion chamber
is significantly lower than the rate of heat loss through the wall of the combustion chamber to the
environment (Figure 4-18). It is also possible to see that as the equivalence ratio within the
combustion chamber is lowered, the temperature profile measured within porous ceramic media
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becomes increasingly homogeneous. The maximum temperature location at 44.1mm becomes
increasingly less pronounced as equivalence ratio is decreased from φ=0.75±0.02 to φ=0.53±0.02,
and at φ=0.51±0.02 and below the temperature profile across the porous media is almost
isothermal, indicating that the heat release rate from combustion is almost constant through the
porous media.

Figure 4-18: Acoustic and optical characterization of the exhaust emissions while LaCoO3
coated MSZ media was immersed in the combustion chamber.
Images of the exhaust pane at a steady state operation corresponding to selected equivalence
ratios at a fixed air flow rate are shown in Figure 4-19. At equivalence ratios above φ=0.53±0.02
the porous media is hot enough to emit a sufficient quantity of electromagnetic radiation in the
visible spectrum which can be seen as the white region within the center of each pane of the image.
As one can see from Figure 4-19 the intensity and color of the porous media visible through the
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exhaust varies minimally across equivalence ratios of φ=0.75±0.02 to φ=0.53±0.02. However,
across the range of equivalence ratios, the slight reduction in the glow surrounding the exhaust
port occurs as the equivalence is reduced and the semicircular areas of porous media becomes
discernable at the outer radius of the combustion chamber (Figure 4-19). Such changes in the
visible radiative emission with decrease in equivalence ratio is a combination of at least two
different competing processes and can be explained (i) by the decrease in the temperature of the
flame, at φ=0.75±0.02 the intensity of combustion causes the porous media to be extremely hot
but as the equivalence ratio decreases, the heat release rate is lowered allowing the porous media
to cool, and at the same time, a competing process causing the media to glow brighter occurs; (ii)
as equivalence is reduced the boundary of the flame moves closer to the exhaust, causing light
emitted from the gas phase to become more visible via the included instrumentation.

Figure 4-19: Optical images of the combustor exhaust with Pd Enhanced WC catalyst.
117

Once the equivalence is reduced to φ=0.53±0.02, changes in the emitted thermal radiation at
the exhaust become significantly more pronounced. At equivalence ratio φ=0.51±0.02, the color
of light emitted by the porous media becomes pink. Upon the following reduction of equivalence
ratio φ=0.51±0.02 to φ=0.49±0.02, the intensity of light observed across the exit pane of the
combustion chamber is significantly reduced with only purplish regions observed at small portion
of the exhaust image. A subsequent reduction in equivalence to φ=0.47±0.02 reduces the emissive
intensity across the visible spectrum below the detectable limits of the CCD camera.
Acoustic profiles from the combustion chamber measured at different equivalence ratios at
several state operation across the special range between 200 and 500 Hz are presented in Figure
4-20. At the highest equivalence ratio of φ=0.75±0.02, four acoustic peaks: (1) a low frequency
and very broad peak with a low intensity centered at 229.8 Hz; (2) a broad and higher intensity
peak 270 -> 340 Hz; (3) a well defined and highest intensity peak centered at 349.0 Hz; and (4) an
asymmetric peak with a peak amplitude centered at 387.1 Hz. As the equivalence ratio is reduced
from φ=0.75±0.02 to φ=0.61±0.02 significant changes in the structure of the acoustic noise emitted
from the combustion chamber are detected (Figure 4-20). While peak (2) intensities of exhaust
emission are approximately constant at 0.61±0.02≤φ≤0.75±0.02, a disappearance of (1) peaks
occurs and the amplitude of (4) peak rapidly decays when equivalence is decreased further beyond
0.61. At φ=0.59±0.02 instead of two 272.5-339.1 Hz and 349.0 Hz peaks, only one very broad
peak (2’) ranging between 273.2 Hz and 360.9 Hz can be observed. As equivalence is further
decreased to below φ=0.53±0.02, the intensity of this very broad peak rapidly decays and its
position shifts toward lower frequencies.
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Figure 4-20: Acoustic profiles from the combustion chamber with a Pd-WC catalyst.
As it has been shown that heat release rates drive acoustic modes within combustion chambers
[178], it is possible to draw correlations between of the observed changes in acoustic profiles at
different equivalence ratios with temperature profiles and flame structure within the combustion
chamber containing a WC-Pd catalytically enhanced MSZ porous media. As equivalence ratios
are decreased with a constant air flow rate, both the total acoustic energy and maximum
temperature profile within the combustion chamber decrease. As the equivalence ratio shifts
between below φ=0.75±0.02 until φ=0.59±0.02 and the flame shifts away from the inlet, there is
a significant decrease in the observed amplitudes of peaks (1) and (4) indicating these peaks in the
acoustic spectrum correlate with stable structures of flow at the combustion chamber inlet. Lastly,
119

as the flame elongates within the combustion chamber which is most pronounced at equivalence
ratios below φ=0.59±0.02 the intensity of the acoustic emissions associated with peak (iii)
decreases and the nominal intensity of this peak becomes increasingly homogeneous. No acoustic
signal can be detected at φ=0.47±0.02 which correlates with nearly isothermal and rather low
temperatures across the entire combustion chamber.
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5. CONCLUSIONS
Within this work a flow stabilized heterogeneous combustion chamber was developed with
several instrumentation techniques to characterize combustion. Such techniques were: temperature
measurements via thermocouples, exhaust sample analysis via gas chromatography, acoustic
spectroscopy using an external microphone, and an external CCD camera to collect optical
emissions from the combustion chamber. Performed experiments within the combustion chamber
were done at a fixed air flow rate of 𝑉̇𝑎𝑖𝑟 =47.56 SLPM and equivalence ratios on the order of
0.45≤φ≤0.75. Three types of porous media were evaluated, MSZ, SiC, and Al2O3. Of these media
types, MSZ enabled the highest temperatures at low equivalence operation.
For the first time acoustic spectroscopy was utilized as a characterization tool for heterogeneous
combustion. Using acoustic spectroscopy it was shown that there is a dependence of the acoustic
profile of the combustor based on position of the flame, equivalence ratio, and structure of the
flame within the combustion chamber.
As MSZ enabled the highest temperatures at low equivalence ratio, it was evaluated as a
substrate to support several catalysts: Pd enhanced WC, ZrB2, Ce0.80Gd0.20O1.90, LaCoO3,
La0.80Ca0.20CoO3, La0.75Sr0.25Fe0.95Ru0.05O3, and La0.75Sr0.25Cr0.95Ru0.05O3. Of the evaluated
catalysts, LaCoO3 enabled the highest temperatures within the combustion chamber and operation
at the lowest equivalence ratio of φ=0.45±0.02.
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